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Catalysis by Earth-abundant transition metals represents one of the most promising avenues 
towards a sustainable, environmentally-benign bulk and fine chemical industry. Increasing 
effort has been applied to the development of synthetic methods using Earth-abundant metals, 
such as iron and cobalt, as catalysts. Nevertheless, the current state of the art is largely reliant 
on either the synthesis of an unstable low oxidation-state complex or the use of a pyrophoric 
external activator, such as NaBHEt3 or EtMgBr. It is therefore more challenging to use low 
oxidation-state iron and cobalt than established precious metal catalysts based on, for example, 
palladium and platinum. 
This work focuses on the development of a new, operationally simple activation method. 
Using commercially available tetrafluoroborate salts and bis(imino)pyridine ligands, it was 
possible to carry out catalytic hydroboration reactions of alkenes and alkynes, as well as nitro-
group reductions, without the addition of any external activator, thus greatly simplifying 
synthetic procedures. 
Mechanistic studies suggest that this endogenous activation method is made possible by the 
dissociation of fluoride from the tetrafluoroborate pre-catalyst, which leads to the formation 
of a hydridic boron or silicon ‘ate’ complex. This subsequently transfers hydride to the pre-
catalyst, leading to reductive elimination of dihydrogen to give a catalytically active low 
oxidation-state metal species. Increased understanding of the reaction mechanism from in situ 
NMR studies, independent synthesis and reactivity screening of the putative boronate complex 
and hydride trapping experiments, allowed the activation method to be applied to a number of 
other reactions, namely, [2+2]-cycloaddition, C–H borylation and C–C activation.  
 
 





Based on the concept of the activation of a boronic ester reagent as a source of hydride, 
preliminary investigations have also been carried out to examine the possibility of using less 
reactive (lower pKa) nucleophiles to activate boron reagents for the transfer of larger groups, 
such as an aryl group. Reactivity was initially uncovered using n-butyllithium as a nucleophilic 
activator for the boron reagents (Scheme A2, Nu), and studies demonstrated that the reaction 
proceeds though a boron-zinc exchange mechanism. Initial studies towards an organometallic-
free procedure were also undertaken. 
 







The development of chemical synthesis has changed humanity’s way of life forever. It has 
allowed access to compounds used to cure diseases, improve agriculture and make huge 
quantities of materials needed for products as diverse as clothes and computers. While great 
strides forward have been made technologically in the past two-hundred years, humanity is 
becoming increasingly conscious of the environmental impact of its lifestyle. Synthetic 
chemistry also promises to be invaluable in the development of more sustainable processes 
such as pollution reduction, renewable energy, discovery of new medicines and ending 
society’s reliance on petrochemical-derived and polluting plastics. 
The focus of future development will necessarily be dictated by the tools available. New 
synthetic methods provide us with the means to convert cheap, readily available chemicals to 
high-value molecules needed for almost every conceivable industry. A key element of efficient 
and cost-effective chemistry is the use of catalysts. A catalyst is a chemical compound which 
facilitates reactions that are otherwise impossible, or incredibly energy-intensive, as well as 
potentially reducing waste by making chemical reactions selective towards one particular 
product. So crucial is catalysis to chemistry that 90% of chemical processes in industry use 
catalysts. 
The field of catalysis is currently dominated by precious metals, such as platinum or palladium. 
While they are efficient catalysts, they are expensive, scarce and their acquisition is often 
damaging to the environment, which is why it is crucial that synthetic chemistry increasingly 
focuses on using readily available materials, and where catalysts are needed to improve the 
efficiency of processes, that these be based on cheaper, more environmentally benign elements 
which are more abundant on Earth. 
One example of such an element is iron, which is the most abundant metal in the Earth’s crust. 
Due to its lack of toxicity, ready availability and low environmental impact, iron is surely the 
ideal element to use in catalysis. The usefulness of such metals as catalysts has been 
demonstrated. The process, however, is not straightforward and usually requires specialist 
skills and equipment, making its use on large scale by non-experts impracticable. 
The ideal method for carrying out reactions to make high-value molecules would be one that  
does not require strictly controlled conditions and uses cheap, readily available catalysts and 
starting materials. The focus of this work, then, is the development of an operationally simple 
method of harnessing the valuable reactivity of Earth-abundant metals like iron and cobalt to 





The activation method developed allows iron and cobalt catalysts to be activated, or ‘switched 
on’ without the use of unstable chemicals or extensive work to prepare the catalysts. It has 
been shown that the method is versatile – it can be applied to several different reactions, and 
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Chapter 1: Introduction 
1.1  Catalysis 
An estimated 90% of modern industrial processes currently utilise a catalyst.1 As such, 
catalysis plays a key role in improving quality of life. Furthermore, research into the 
development of novel catalytic methods may be a key factor to progress in a wide array of 
sciences such as materials, pharmaceuticals and renewable energy. 
Some of the most prominent reactions in industry have been catalysed by precious metals, for 
example Suzuki–Miyaura cross-coupling, the coupling of an organoboron compound with an 
aryl halide. This methodology has been applied in 23% of pharmaceutical syntheses.2 One 
application of this methodology is the coupling of diethyl-3-pyridyl borane (1) with methyl-
3-bromophenyl sulfone (2) catalysed by palladium tetrakis(triphenylphosphine) to give 
methyl-3-(3-pyridinyl)benzenesulfone (3) in the synthesis of OSU 6162 (4), a CNS agent 
(Scheme 1.1A).3 Another example is alkene hydrosilylation, the addition of a hydrosilane 
across an unsaturated bond, generally catalysed by platinum species such as Karstedt’s catalyst 
(7), such as the coupling of 1-octene (5) and methyldi(trimethylsiloxy)silane (MD’M, 6) to 
give the alkyl silane (8).4 This is a multibillion dollar per year industry (Scheme 1.1B). These 
well-established methods have found extensive application in pharmaceuticals, 5 bulk 
chemicals6 and materials.7 
 






1.2 Earth-Abundant Metals 
1.2.1 Advantages and Limitations 
Earth-abundant metals such as manganese, zinc, cobalt and iron are used in biological systems. 
Zinc, for example, is an essential cofactor, known to be needed for more than 300 enzymes 
and 1000 transcription factors,8 cobalt is present in the body as vitamin B12,9 while iron is 
essential for life, with the coordination chemistry of iron in haemoglobin allowing 
respiration to occur,10 and influences the active site of cytochrome enzymes which perform 
oxidative chemistry.11 In spite of the importance of these elements to life, their application 
in catalysis still lags behind precious metals.  
There are two main disadvantages to the prevalent use of precious metals, such as platinum, 
palladium, rhodium and iridium as catalysts. 
The first relates to the abundance and cost of these elements. There is an evident advantage to 
the use of more abundant metals, and there has been a drive to develop methods using Earth-
abundant metals rather than precious metals, which are expensive, volatile in cost, limited in 
supply and often toxic. More desirable would be the use of first row transition metals as more 
sustainable alternatives in catalysis. Earth-abundant metals such as iron, cobalt, zinc and 
manganese are many orders of magnitude more abundant than precious metals such as 
platinum, palladium or iridium (Figure 1.1), while particularly iron and manganese have low 
toxicity and thus represent a safe option for use in catalysis.12  
  


































The other disadvantage of focusing solely on precious metal catalysis is limitations in their 
reactivity. Earth-abundant metals, particularly iron, have advantages beyond the inherent 
sustainability that results from their abundance and lower toxicity. For example, a range of 
oxidation states are known for iron, which span –II to +VI, which suggests the potential for 
highly tuneable reactivity and pathways unavailable with other metals.13,14 Examples abound 
of iron exhibiting reactivity consistent with both early and late transition metals, and ranges 
from acting as an oxophilic, Lewis acidic catalyst15 to an electron rich, low oxidation-state 
catalyst.16,17 
Increasing focus on Earth-abundant metals such as iron, cobalt and manganese in place of 
well-established precious metal catalysts has the advantage of developing new modes of 
reactivity, an essential development if synthetic chemistry is to continue to provide routes to 
novel compounds for use in the fine chemical and pharmaceutical industries. To underline the 
necessity of developing new reactivity and refining the toolkit of the synthetic chemist, 
population analysis of the different areas of molecular space explored in current 
pharmaceutical drugs and candidates shows the extreme dominance of flat structures, i.e. 
primarily sp2-hybridised molecules such as biaryls, in comparison to saturated, and thus 3-
dimensional, sp3-hybridised structures (Figure 1.2).2,18 Of course, this is not a trend which is 
also seen in natural products, where stereodefined, sp3-hybridised centres are dominant.19 One 
of the primary reasons for this is the broad use of Suzuki–Miyuara coupling and Buchwald–
Hartwig amination, two reactions which have shown a high degree of reliability and 
applicability and been optimised with an array of different conditions, but where use of sp3-
hybridised electrophiles is limited and examples are rare. In the case of iron, although Bedford 
and co-workers have recently developed a procedure using a directing-group strategy for iron 
catalysed biaryl formation,20 more success has been encountered with sp3 substrates, and 
indeed the first reported examples and the majority of subsequent procedures have used sp3-






Figure 1.2- Population analysis (Using principal moments of inertia) with respect to shape in 
pharmaceutical synthesis with drug molecules from the ChEMBL database2 
Thus, the advantage of using Earth-abundant metals as catalysts lies in the inherent 
sustainability resulting from their natural abundance, but more importantly their potential to 
open new mechanistic vistas which expand possibilities within synthesis. 
The underlying reason for their lack of practical application and the relative lack of exploration 
of new methods is due to the ease and operational simplicity of using precious metals, and 
thus a necessary step is developing a simple and general method for using Earth-abundant 
metals in catalysis. This introduction will explore the arc of progress towards developing a 
platform for low oxidation-state iron and cobalt catalysis where they can be employed with 
relative ease. 
Iron has traditionally been used in catalysis as a Lewis acid, and biologically in oxidation 
chemistry. Use of iron as a catalyst for reductive chemistry requires access to low oxidation-
state iron complexes, which are more electron-rich and similar in reactivity to precious metal 
catalysts. Leveraging this reactivity requires access to iron(0) complexes or a simple method 
for their synthesis. 
The main commercially available sources of iron(0) are iron carbonyl complexes. While these 





the benefits of using an iron catalyst, and their use in catalytic reactions requires either high 
temperatures or continuous photoirradiation.24,25 Thus, alternative syntheses of iron(0) 
complexes have not only allowed greater understanding of their reactivity but also aimed at 
developing simple and convenient methods of harnessing this reactivity. 
1.3 Well-defined Low Oxidation-state Iron and Cobalt Complexes 
1.3.1 Iron or Cobalt Olefin Complexes 
Many methods for the isolation of low oxidation-state iron and cobalt species have been 
developed. A similarity observed in all cases seems to be the ability of olefins or dienes, similar 
to carbonyl ligands, to stabilise low oxidation-state species as a result of their π-acceptor 
behaviour. 
The first example of isolated low oxidation-state iron and cobalt complexes was reported by 
Miyake in 1968 (Scheme 1.2). Reaction of iron(III) acetylacetonate with 
diethylethoxyaluminium followed by addition of diphenylphosphinylethene (dppe) gave 
(dppe)2Fe(C2H4) (9) as a red crystalline solid. It was additionally shown that the corresponding 
reaction with cobalt gave the cobalt(I) hydride complex (dppe)2CoH, and that the same 
complex was synthesised by reaction of a cobalt(II) salt with sodium borohydride.26  
 
Scheme 1.2 - Miyake's Synthesis of an iron(0) olefin complex 
Kruger and Jonas reported a convenient synthesis of low oxidation-state iron and cobalt 
complexes (Scheme 1.3). Previous reports had shown that ferrocene (10), in the presence of 
lithium, reacted to give cyclopentadienyl lithium and elemental iron. In the presence of an 
olefin or diene, such as cyclooctadiene, they reported instead the stabilisation of low oxidation-
state bimetallic lithium-iron-diene complex 11, which gave the ‘naked’ iron diene complex 12 
on reaction with trityl chloride, through the precipitation of lithium chloride. Similarly, in the 
presence of another chelating reagent – tetrametylethylenediamine (TMEDA), the formation 
of a hexacoordinate bimetallic complex (13) was observed. In the case of cobalt, low 
oxidation-state olefin complexes had previously been synthesised under very high 
temperatures, using cobalt carbonyl complexes as precursors.27 Here, reaction of cobaltocene 





complex (15) which, on reaction with two further equivalents of potassium, gave a homoleptic 
tetrahedral cobalt(-I) species bearing 4 olefin substituents (16).28,29 
 
Scheme 1.3 - Research on alkali metal reduction of iron and cobalt sandwich complexes 
Ellis and co-workers showed the reduction of iron and cobalt complexes in the synthesis of 
iron (17) and cobalt (18) (-I) anthracene complexes by reaction of Fe/Co(II) precursors with 3 
equivalents of potassium anthracene (Scheme 1.4).30,31 These compounds have subsequently 
been tested as cross-coupling pre-catalysts, where they showed some efficacy, but the authors 
proposed this to be due to a labile coordination environment, and suggested that the difference 
in oxidation-state had little effect.32,33  
 
Scheme 1.4 - Synthesis of iron and cobalt(-I) anthracene complexes 
Jolly and co-workers reported the synthesis of an iron(0) triene complex by reacting iron(II) 
chloride with activated magnesium in the presence of a diphosphine ligand and a hexatriene. 





Organomagnesium reagents have also been used to activate iron(II) complexes for the 
production of iron(0) olefin complexes. An example is the use of Mg(C4H6)·2THF to reduce 
diimine iron dichloride complex 20 pioneered by tom Dieck and co-workers – who synthesised 
a variety of such complexes in a study of various low oxidation-state iron catalysts for 
homodimerisation of 1,3-dienes. This lead to the synthesis of an iron(0) butadiene complex 
(21) (Scheme 1.5B).34 
 
Scheme 1.5 - A) Synthesis of iron(0) triene complexes with Rieke magnesium; B) Synthesis 
of iron(0) diene complexes 
Another example which highlights the potential use of these complexes as catalysts was 
reported by Fürstner and co-workers (Scheme 1.6).35 Reduction of an iron(II) bisphosphine 
complex (22) by ethylmagnesium bromide in the presence of ethylene gave an iron(0) olefin 
complex, where the tetrahedral geometry was maintained (23). η-4 Coordination of 23 by 1,3-
cyclohexadiene gave iron olefin complex 24, which undergoes C–H oxidative addition via an 
agostic interaction to give an allyl iron hydride complex 25. Inner sphere hydrometallation to 
the olefin ligand occurs, giving the iron ethyl complex 26. This complex undergoes reductive 
elimination to give 5-ethyl-1,3-cyclohexadiene, again coordinating in an η-4 fashion, with 
complex (27) stabilised by an agostic interaction. Another C–H oxidative addition gives four-
coordinate iron(II) complex 28. This report demonstrates the ability of iron(0) complexes to 
carry out C–H activation of allylic C–H bonds. This is one of a number of examples that 







Scheme 1.6 - C–H activation by iron(0) 
The general trend in these reactions is the production of low oxidation-state iron and cobalt 
complexes in the presence of suitable chelating ligands, such as alkenes, which – as shown by 
the Kruger example (Scheme 1.3) – prove essential to stabilising the low oxidation-state iron 
or cobalt species. As mentioned above, low oxidation-state iron and cobalt complexes have 
shown contrasting reactivity to their high oxidation-state counterparts and this reactivity 
allows them to act in place of precious metal catalysts.   
An example which demonstrates the utility of low oxidation-state iron and cobalt complexes 
in catalysis, as well as allowing study of their reactivity was reported by Butenschön. Cobalt(I) 
half-sandwich diene complex 29, on reaction with methylphenylsilane gave the cobalt(III) 
oxidative addition adduct (30), showing the potential of complex 29 to act as pre-catalyst for 
hydrosilylation reactions by a Chalk–Harrod mechanism. This allowed the development of an 
alkyne hydrosilylation methodology which was applied to a number of different silane 






Scheme 1.7 - Application of a cobalt(I) olefin complex in hydrosilylation 
 
1.3.2 Beyond Olefin Complexes: Catalytic Reactions of Dinitrogen Complexes 
The first example of synthesis of an iron dinitrogen complex was reported by Komiya (Scheme 
1.8). Reduction of a phosphinyl iron(II) dichloride complex (31) with sodium naphthalenide 
gave a highly reactive tetracoordinate iron(0) complex (32). Under a nitrogen atmosphere, this 
complex was stabilised by η1-coordination of dinitrogen (33). Under an argon atmosphere, the 
coordinatively unsaturated intermediate undergoes C–H activation of the diphosphine ligand 
to give iron hydride complex 34.37 
 
Scheme 1.8 - Synthesis of iron dinitrogen complex 
 A key strategy that underlies almost all applications of low oxidation-state iron and cobalt 
catalysis is their stabilisation by redox-active ligands, as demonstrated by the example reported 
by tom Dieck (see Scheme 1.5B). Redox-active ligands such as bis(imino)pyridine accept 





state species. Particularly prevelant in reported methods is bis(imino)pyridine (BIP) 
complexes, which were independently developed by Brookhart and Gibson.38 
An example of stabilisation of low oxidation-state complexes is Chirik’s investigation on 
bis(imino)pyridine iron complexes, where formally iron(0) complexes were shown to be 
stabilised by resonance equilibria (Scheme 1.9). For bis(imino)pyridine iron dinitrogen 
complex 35, the iron(0) resonance form (35a) was shown to be in equilibrium with an iron(II) 
dinitrogen (35b) complex formed by two electron reduction of the ligand, featuring amide 
rather than imine donors. The related tetracoordinate dimethylaminopyridine (DMAP) 
complex showed a preference for the iron(II) resonance form (36b), where two-electron 
reduction of the ligand gave a diradical species, over the iron(0) form (36a).394041 
 
Scheme 1.1 - Redox non-innocence of bis(imino)pyridine ligand 
Another example of a low-oxidation-state iron dinitrogen complex is pyridine bis-N-
heterocyclic carbene (NHC) complex 38, synthesised by Danopoulos by the reduction of bis-
NHC iron dibromide (37). The weak bond with dinitrogen, exemplified by IR shifts which 
show little π-backbonding, allows facile substitution of dinitrogen by ethylene to give a bis-
NHC iron olefin complex (39), which may be key to its reactivity in olefin 
hydrofunctionalisation (Scheme 1.10).42 
 





Chirik and co-workers have combined the method developed by Komiya for the synthesis of 
dinitrogen complexes with the bis(imino)pyridine architecture pioneered by Brookhart and 
Gibson to generate pre-catalysts for a number of transformations. A word of caution is 
necessary in this regard. While isolated low oxidation-state complexes show a high degree of 
catalytic activity, these complexes, which are thermodynamically stable enough to be isolated 
are not active catalysts in these process, and are more likely pre-catalysts or off-cycle 
intermediates.43 In general, iron and cobalt dinitrogen complexes have been synthesised by 
reduction of an iron or cobalt(II) dihalide precursor such as 40 with sodium/mercury amalgam 
or another alkali metal reductant under a nitrogen atmosphere to give the dinitrogen complex 
(41, Scheme 1.11), which has been shown to exist as a tetracoordinate complex bearing one 
dinitrogen ligand (42) in solution.39–41 
 
Scheme 1.11 - Synthesis of low oxidation-state iron bis(imino)pyridine complexes 
This manifold for the generation and use of low oxidation-state iron gives a glimpse of iron’s 
performance as a catalyst in comparison with precious metals. In the hydrogenation of 1-
hexene (43) to hexane (44), bis(imino)pyiridine iron dinitrogen (41) proved a highly effective 
pre-catalyst, giving a maximum turnover frequency of 1814 mol/hr. Although the validity of 
this comparison is limited as the system has been optimised for iron, reaction of the same 
substrate using Wilkinson’s catalyst gave much slower reaction (10 mol/hr), showing the 
potential of low oxidation-state iron to surpass reactivity observed with precious metals such 
as rhodium (Scheme 1.12).39 
 
Scheme 1.12 - Hydrogenation reactivity of a bis(imino)pyridine iron dinitrogen complex 
Subsequent studies of iron dinitrogen complexes have shown the versatility of these 
complexes (Table 1.1). The hydrogenation reaction exemplified above was applied to 8 





albeit slower reactivity for olefin hydrosilylation (Entry 2). Chirik further demonstrated the 
applicability of bis(imino)pyridine iron dinitrogen complex 41 to olefin hydroboration (Entry 
3), where using as little as 1 mol% of 41 gave good yield for a 9 different olefins.4445 
Beyond hydrofunctionalisation reactions, reductive cyclisation of diynes (Entry 4) and enynes 
(Entry 5) in the presence of hydrogen to generate substituted cyclopentyl or pyrrolidine rings 
has also been demonstrated, showing comparable reactivity to precious metal catalysis.46 
Intramolecular [2+2] cycloaddition, giving a [3.2.0] bicyclic system was also reported (Entry 
6).4747 
All of these reactions have been reported with the same generic N-2,6-di-iso-propylphenyl 
substituted bis(imino)pyridine iron dinitrogen catalyst (41), demonstrating the broad 
applicability of this complex as a pre-catalyst to a variety of reactions. Catalysis with 
bis(imino)pyridine iron dinitrogen complexes has also been shown to be tuneable. An example 
of this is in the development of an effective catalyst for intermolecular [2+2] cycloaddition 
reactions. When a 1,3-diene was used as substrate for this reaction, a competing 
hydrovinylation process was observed as a side reaction. Alteration of the ligand backbone to 
give a more rigid octahydroacridine system (complex 45), supressed hydrovinylation 
chemistry and allowed the formation of the desired cyclobutane moiety for 14 different 
substrates (Entry 7).48 
Another example of this tuneability is the application of this system to cobalt-catalysed [2+2] 
cycloaddition (Entry 8). Examination of the effect of the steric bulk of the substituents of the 
bis(imino)pyridine ligand led to the discovery that more hindered groups promoted reductive 
elimination and thus cyclobutane formation. Cyclopentyl substituents (46a) proved the more 
effective than iso-propyl (46b), while primary alkyl groups such as ethyl (46c) and methyl 












Scheme 1.13 – Ligand optimisation for cobalt-catalysed [2+2]-cycloaddition 
Fout and co-workers have used isolated bis-N-heterocyclic carbene aryl cobalt(I) phenyl 
complexes (47) to develop novel systems for hydrosilylation (Entry 9)50 and hydroboration of 
olefins and nitriles (Entry 10).51 The simplest reported system used readily available 
triphenylphosphine ligands on cobalt chloride (48) which was reduced using sodium 
triethylborohydride under a nitrogen atmosphere to give the cobalt(I) hydride complex (49, 
Scheme 1.14A). This was shown to carry out isomerisation-hydroboration on a range of 
substrates, possibly due to facile hydrometallation with a coordinatively unsaturated cobalt 
hydride complex. Borylation was observed preferentially at the most thermodynamically 
favoured positions, for example the benzylic position of 10-phenyl-1-decene (50) to give the 
benzylic boronic ester (51, Scheme 1.14B).44 
 
Scheme 1.14 - A) Reduction of bis(triphenylphosphine)cobalt dichloride complex; B) 
Application of cobalt complex to isomerisation-hydroboration 
1.3.3 Iron and Cobalt Hydride Complexes 
Hydride as a ligand in place of dinitrogen gives a more reactive complex, arguably one which 
is prone to hydrometallation as an initiation of a catalytic cycle. A large number of high 





hydrofunctionalisation reactions, possibly due to the reductive reactivity of a metal hydride or 
reductive elimination of dihydrogen to give a low oxidation-state species.39 
Trovitch and co-workers reported the reduction of a cobalt(II) complex bearing a tetradentate 
PNNP α-diimine ligand (52) with excess sodium triethylborohydride (Scheme 1.15A). 31P 
NMR measurements of the resultant complex (53) were consistent with two distinct 
phosphorus environments, suggesting apical and equatorial phosphine ligands in a square 
pyramidal structure. Rather than a cobalt(I) species, computational experiments as well as 
bond lengths determined from the crystal structure gave results consistent with the single 
electron reduction of the α-diimine ligand to give a cobalt(II) hydride complex (53), further 
underlining the utility of redox non-innocent ligands in iron and cobalt reductive catalysis. 
Complex 53 was then used as a pre-catalyst for the hydroboration of alkynes and nitriles, with 
8 examples reported for each (Scheme 1.15B).52  
 
Scheme 1.15 - A) Synthesis of a diamine cobalt hydride complex; B) Application to 
catalytic hydroboration 
Using well-defined hydrido cobalt tetrakis-trimethylphosphine (54) as a pre-catalyst,53 Petit 
and co-workers have reported a number of transformations (Scheme 1.16). Alkyne 
hydrosilylation was shown to proceed by a Chalk–Harrod mechanism, with oxidative addition 
of the cobalt(I) complex into the silane reagent followed by hydrocobaltation. The notion of 
hydrocobaltation followed by reductive elimination of the alkenylsilane seems to be supported 
by the regioselectivity of the reaction, with hydrocobaltation preferentially inserting cobalt at 
the less hindered site (Scheme 1.16A).54 Interestingly, the hydroboration reaction gives the 
opposite selectivity, and the authors suggested the absence of a hydrocobaltation step. While 
no mechanism was proposed and little exploration was carried out, the authors noted the 





by reductive elimination of H2 occurs to give a cobalt-boryl complex with a subsequent 
borocobaltation determining the selectivity (Scheme 1.16B).55 The same catalyst system was 
also successfully applied to diboration with B2Pin2. The authors also demonstrated the 
potential of this cobalt hydride pre-catalyst to catalyse alkyne dimerization reactions, giving 
the head-to-head product exclusively (Scheme 1.16C).56 
 
Scheme 1.16 – Tetratrakis(trimethylphosphine) cobalt(I) hydride complex as a pre-catalyst; 
A) Hydrosilylation; B) Hydroboration; C) Alkyne dimerisation 
An example of iron hydride mediated hydroboration was reported by Nishibayashi and co-
workers. Nishibayashi demonstrated alkyne hydroboration of 13 substrates (Scheme 
1.17A).57,58 In exploring the mechanism, reaction of bisphosphine pyrrole iron(II) hydride 
complex 55 with excess HBpin led to the formation of an iron boryl complex (56, Scheme 
1.17B). Taken together with Petit’s results, this implies that hydride complexes show activity 
by allowing facile reductive elimination of dihydrogen to give a coordinatively unsaturated 






Scheme 1.17 – A) Use of an iron hydride complex in hydroboration; B) Iron boryl complex 
formation 
1.3.4 Iron and Cobalt Alkyl Complexes 
Despite high levels of activity, dinitrogen and hydride complexes are difficult to prepare and 
thus effort has been expended to develop more easily accessible alternatives. In this context, 
iron and cobalt alkyl complexes have shown high levels of activity. They can be accessed by 
reaction of a metal(II) dihalide complex with an organometallic reagent. These complexes 
have been used in hydrofunctionalisation chemistry, and it is possible that these reactions 
proceed through a metal hydride complex, which is formed by reaction of the alkyl complex 
with the hydrofunctionalisation reagent, for example reaction of the pre-catalyst with HBpin 
to generate alkylBpin (Scheme 1.18). 
 
Scheme 1.18 - in situ Metal hydride formation from a metal alkyl complex 
1.3.4.1 Metal Methyl Complexes 
Bis(imino)pyridine cobalt methyl complexes (58), prepared by the reaction of the 
corresponding dichloride (57) with methyllithium are one such example. Patel has 
demonstrated the activity of a bis(imino)pyridine cobalt(I) methyl pre-catalyst with an N-
mesityl substituent on the imine nitrogens (58a) for the hydroalumination of 1-octene, giving 





Chirik has demonstrated the applicability of N-cyclohexyl bis(imino)pyridine cobalt-methyl 
complex (58b) as a catalyst in a variety of borylation reactions. Varying the boron reagent 
allows selective synthesis of either diboration or hydroboration products. With B2pin2, 1,1-
alkyne diboration was observed (Scheme 1.19B),60 while with HBpin, (Z)-selective alkyne 
hydroboration was observed (Scheme 1.19C).61 Using a bis(imino)pyridine ligand with a 4-
pyrrolidino-substituted pyridine (58c), isomerisation-hydroboration of a tetrasubstituted 
alkene, 2,3-dimethylbut-2-ene was observed, which is a challenging reaction owing to the 
hindrance of this substrate (Scheme 1.19D).62 
 
Scheme 1.19 - Hydrofunctionalisation with bis(imino)pyridine cobalt methyl complexes 
Another example which underlines the utility of cobalt methyl complexes as pre-catalysts is a 
procedure reported by Huang, using a cobalt methyl complex bearing an enantiopure 





hydroboration of 1,1-disubstituted alkenes, giving the terminal boronic esters in excellent 
yields and enantioselectivities (Scheme 1.20).6363  
 
Scheme 1.20 - Asymmetric hydroboration with an IPO-cobalt methyl complex 
1.3.4.2 Metal Methylene Trimethylsilane Complexes 
Another common alkyl substituent used in Earth-abundant metal catalysis is methylene 
trimethylsilane (CH2SiMe3). Although sensitive to air and moisture, these complexes are more 
stable than other pre-catalysts mentioned thus far. For this reason, Chirik has investigated their 
use as an alternative method of harnessing reactivity obtained with dinitrogen complexes. 
In the same isomerisation-hydroboration study cited above (Scheme 1.19D), a variety of 
ligand scaffolds were tested for isomerisation-hydroboration reactions with hindered alkenes. 
Terpyridine complex 60 was tested alongside diimine complex 62, which was synthesised by 
reaction of cobalt(I) halide complex 61 with LiCH2SiMe3 (Scheme 1.21A). Terpyridine 
cobalt(I) methylene trimethylsilane complex 60 reacted quickly with 4-octene (63) to give the 
terminal boronic ester product (64). The rate of reaction with diimine complex 63 was much 
lower, which was presumed to result from inhibition by the pyridyl substituent. With a more 
hindered substrate, 2.3-dimethylbut-2-ene (65), 60 showed no reactivity, while 62 gave the 
terminal boronic ester (66) in excellent yield, which was proposed to be the result of the less 







Scheme 1.21 - A) Cobalt-terpyridine complex and synthesis of a cobalt-diimine complex; B) 
Reactivity in isomerisation-hydroboration 
Wang reported the use of Co-CH2SiMe3 complexes in cobalt-catalysed hydroboration (Scheme 
1.22). The study compared the activity of cobalt PNN and NNN pincer ligands (Scheme 
1.22A). A cobalt PNN complex (67) was shown to give the expected anti-Markovnikov 
selectivity for hydroboration (Scheme 1.22B). The analogous cobalt-NNN complex was not 
observed, with a binuclear complex (68) formed instead (Scheme 1.22A). This proved to be a 
competent pre-catalyst for hydroboration. When using 68 as catalyst with aryl alkenes, the 
unexpected Markovnikov product was observed, one of the first reported examples of 
Markonikov selective hydroboration with iron or cobalt (Scheme 1.22B). There was no 
proposal for the mechanistic difference that leads to the change in selectivity between the two 
ligands.65 
 






Another example of the use of CH2SiMe3 complexes as pre-catalysts is a hydrosilylation 
procedure reported by Deng (Scheme 1.23). Tristriphenylphosphinylcobalt(I) chloride (69) 
was treated with 1,3-diadamantylimidazol-2-ylidene (IAd) to give a tricoordinate cobalt 
complex 70. Reaction with LiCH2SiMe3 gave the cobalt alkyl complex (71). Despite being 
coordinatively unsaturated, the authors proposed that the adamantyl groups on the N-
heterocyclic carbene ligand rendered the complex too hindered to undergo oxidative addition 
with diphenylsilane and thus the reaction occured through formation of an NHC-cobalt-silyl 
complex (72) by metathesis, with concomitant loss of tetramethylsilane (Scheme 1.23B). The 
complex proved to be an effective pre-catalyst for the hydrosilylation of alkynes (Scheme 
1.23C). 66 
 
Scheme 1.23 - Deng's hydrosilylation reaction; A) Synthesis of cobalt alkyl pre-catalyst; B) 
Formation of cobalt silyl complex; C) Hydrosilylation reactivity 
Use of CH2SiMe3 to generate an active iron catalyst has also been demonstrated (Scheme 1.24). 
Chirik reported the use of terpyridyl iron dialkyl complex 73 as a pre-catalyst for the iron-
catalysed hydrosilylation of vinylcyclohexane oxide (74) with methyldi(trimethylsiloxy)silane 
(MD’M, 75), giving the product organosilane (76) in excellent yield. It is possible that the 
mechanism of the generation of an active catalyst is through generation of a dihydride complex 
followed by reductive elimination to give an iron(0) complex. The authors found that the 
terpyridine ligand was unique among ligands screened in giving activity for this challenging, 






Scheme 1.24 - Hydrosilylation of vinylcyclohexane oxide 
Webster and co-workers used a 1,3-diketimine (NacNac) iron CH2SiMe3 complex for the 
hydroboration of olefins (Scheme 1.25). Treatment of the pre-catalysts (77a and 77b) led to 
the formation of pinBCH2SiMe3 (Scheme 1.25A). From this was inferred the synthesis of an 
iron(II) hydride complex as a potential active catalyst, although the authors did not rule out a 
radical mechanism. It may also be possible that the putative iron hydride complex underwent 
reductive elimination to give iron(0) in situ. Using the less hindered catalyst 77a, anti-
Markovnikov selective hydroboration of alkyl and aryl alkenes was observed (Scheme 1.25B). 
Using the more hindered catalyst 77b, a degree of Markovnikov selectivity was observed 
(Scheme 1.25C), as well as greater reactivity with other substrates and the potential to 
hydroborate alkynes (Scheme 1.25D).68 
 
Scheme 1.25 - Webster's hydroboration with NacNac-iron alkyl complexes; A) Plausible 
iron hydride synthesis; B) Anti-Markovnikov hydroboration; C) Markovnikov 





1.3.4.3 Iron Aryl Complexes 
Another form of activation is a procedure reported by Ritter. An iron(II) aryl amine complex 
(79) was synthesised by reaction of iron chloride with 2-lithio dimethylbenzylamine (78) in 
pyridine. This iron(II) pre-catalyst, in the presence of an iminopyridine ligand (80), underwent 
reductive elimination to give a biaryl benzylamine compound (81) and a low oxidation-state 
iron iminopyridine complex (82) which was used in selective 1,4 hydrosilylation (Scheme 
1.26A). This reductive elimination procedure was carried out in the presence of substrates – 
thus allowing in situ activation. 10 examples were reported with excellent yield and 1,4-
selectivity (Scheme 1.26B). This activation method gives low oxidation-state iron without 
recourse to an external activator, but still requires synthesis of the pre-catalyst using an 
organometallic reagent.69 
 
Scheme 1.26 – A) Synthesis of an iron(0) catalyst through an iron(II) aryl complex; B) 
Hydrosilylation using complex 82 
1.4  in situ Reduction with Pyrophoric Reagents 
The valuable reactivity of iron and cobalt dinitrogen, hydride and alkyl complexes is outlined 
above. These complexes, however, require stoichiometric use of an organometallic or an alkali 
metal reductant to generate a low oxidation-state complex or iron or cobalt alkyl or hydride 
complex. This essentially involves activating the catalyst and storing a reactive species to use 
in catalysis. For this reason, it is challenging to carry out this work and the use of Earth-
abundant metal catalysts for these reactions is not as a facile as more stable precious metal 
counterparts. 
One approach which has been taken to ameliorate these problems is in situ reduction with 





reductant to give a low oxidation-state species in situ which can then catalyse the reaction 
(Scheme 1.27). This approach has enabled easier access to reactive iron and cobalt species. 
Some of the acheivements in this area are summarised below, and are categorised by activator 
used.  
 
Scheme 1.27 - in situ reduction of metal(II) pre-catalyst 
1.4.1 Aluminium Reagents 
Use of aluminium reagents to activate iron and cobalt catalysts has been known since the 1960s. 
Hata reported triethylaluminium as an activator for iron-catalysed hydrovinylation reactions, 
where ethylene (84) was inserted into a variety of different 1,3-dienes on a multigram scale, 
for example insertion into 1,3-pentadiene (83) to give a 70:30 mixture of 3-methyl-1,5-
hexadiene (85) and 1,5-heptadiene (86) (Scheme 1.28A).70,71 Interestingly, the authors 
reported that the reaction gave a higher yield when the iron salt was activated in situ in the 
presence of the diene rather than pre-synthesised and added to the reaction. This may be due 
to the instability of the low oxidation-state iron intermediate which is stabilised during in situ 
activation by coordination of the diene. A more regioselective protocol was reported by 
Iwamoto, using iron(III) chloride as a catalyst in the presence of a bisphosphine ligand – bis-
diphenylphosphinylpropane (DPPP). 1,4-Insertion of ethylene into 1,3-butadiene (87) 
occurred in complete conversion with 96.2% yield of the 1,2-insertion product 1,4-hexadiene 
(88, Scheme 1.28B).72 
 
Scheme 1.28 - Activation with alkyl aluminium reagents; A) Hydrovinylation of 1,3-dienes 
with a simple Fe salt; B) Highly selective 1,2-hydrovinylation with an in situ formed iron 
diphosphine complex 
This approach was later expanded to other olefin-diene coupling reactions by Takacs. 





1,3-diene. The reaction was proposed to occur by a formal [4+2+2]-cycloaddition promoted 
by an in situ generated iron(0) catalyst, which was thereby oxidised to iron(II). The product 
diene was proposed to be eliminated by an Fe-mediated hydride shift, but is likely the result 
of  β-hydride elimination, leading to the collapse of the ferracyclic intermediate and overall 
synthesis of an 6-alkenyl enol ether (Scheme 1.29).73,74 
 
Scheme 1.29 - Iron(0) mediated addition of α,β-unsaturated alcohols to 1,3-dienes 
More recently, trimethylaluminium has been used by Rajanbabu as an activator for cobalt-
catalysed enantioselective hydrovinylation. For the insertion of ethylene into 1,3-nonadiene 
(89) high selectivity for 4,3-insertion of ethylene was obtained using a diphosphine ligand. 
When the chiral bisphosphine ligand (R,R)-DIOP was used, high levels of enantioselectivity 
for the (S)-enantiomer of 4-vinyl-1-nonene (90) were observed. Notably, when (S,S)-DIOP 
was used, the (R)-enantiomer was produced in similarly high levels of selectivity (Scheme 
1.30A). 
The authors proposed that a cobalt hydride complex was the key catalytic intermediate. 
Reaction of the cobalt bisphosphine dichloride (91) complex with trimethylaluminium led to 
the transfer of a methyl group and abstraction of two chlorides to give cobalt-methyl complex 





underwent β-hydride elimination to give the active cobalt hydride intermediate (95, Scheme 
1.30B).75,76 
 
Scheme 1.30 - A) Enantioselective hydrovinylation; B) Proposed in situ metal-hydride 
formation in enantioselective hydrovinylation 
Another example of in situ activation is the reduction of iron hexamethyldisilazane (HMDS) 
with DIBAL-H by Jacobi von Wangelin and co-workers. It was shown that this led to the 
formation of soluble iron HMDS hydride clusters, one of which is thought to be the active 
species. This gave a competent catalytic system for the reduction of trisubstituted alkenes, for 
example the reduction of 1-phenylcyclohexene (96) to give phenylcyclohexane (97, Scheme 
1.31).77 
 
Scheme 1.31 - DIBAL-H as an activator for iron-catalysed hydrogenation 
1.4.2 Triethylborohydride Reagents 
Alkali metal salts of triethylborohydride are by far the most widely used reductant in the 
generation of low oxidation-state catalysts in situ and one particularly well-explored area is 
alkene hydroboration.78 Hydroboration of compounds with various levels of unsaturation has 
been successfully achieved and new reactivity and catalysts discovered by making use of this 
activation method, for example Sawamura and co-workers applied a novel strategy of using a 
polystyrene bisphosphine ligand for cobalt-catalysed hydroboration, and showed that in the 
absence of the polystyrene linker the catalyst was inactive.79 
Using a cobalt complex ligated by a PNN pincer ligand, Huang has developed procedures 





developed include a highly active iron phosphine-iminopyridine catalyst (99) developed by 
Rauchfuss84 and mono(2-iminopyrrolyl) cobalt catalyst (100) developed by Gomes (Scheme 
1.32).85 
 
Scheme 1.32 - Activation of alkene hydroboration catalysts by NaBHEt3 
The latter author discusses the two possible mechanisms for activation. In one case (Scheme 
1.33, Path A), reduction of the cobalt(II) pre-catalyst (100) to give a ‘naked’ cobalt(I) complex 
(101) by reductive elimination of H2 was postulated. This complex could then undergo alkene 
coordination, oxidative addition of HBpin and hydro- or borometallation. The other possibility 
(Path B) was that hydride transfer allows immediate hydrocobaltation followed by borylation 
through metathesis between HBpin and the cobalt-alkyl intermediate, giving the alkyl boronic 
ester product and reforming the cobalt-hydride complex (102). With reference to 
stoichiometric reactivity studies, the authors proposed the reaction proceeds through a 
Co(I)/(III) cycle as proposed in Path A.85 
 
Scheme 1.33 - Possible pathways for the formation of active catalyst 
Szymczcak and co-workers investigated the effect of ligand structure at a remote site on 
catalyst activity for hydroboration. Methylation of the ligand backbone converted an imido 





the central nitrogen is an ‘L’ type ligand (104, Scheme 1.34A). The reduction potentials differ 
by 0.81 V, with the amido complex delivering a more stable reduced species. It is thought that 
this more electrophilic complex increases reactivity, and indeed the amido complex (104) 
proved more active in hydroboration catalysis, giving a higher yield in the hydroboration of 
1-octene (105, Scheme 1.34B). However, these results are far from conclusive, as the 
difference in yield is minimal. A more exacting test of catalyst performance would be 
comparing the rate of catalysis with a less reactive substrate. Furthermore, it is hard to discern 
what effect the difference in counterion environment has on reactivity.86 
 
Scheme 1.34 - A) Szymczcak catalysts for alkene hydroboration; B) Reactivity studies for 
hydroboration of 1-octene 
Another example of novel reactivity discovered using triethylborohydride as an activator is 
the development of Markovnikov selective alkene hydroboration (Scheme 1.35). The first 
procedure using cobalt catalysis was a single example reported by Hollis which uses a 
cobalt(III) complex bearing a bis-N-heterocyclic carbene pyridine ligand (106).87 Lu later 
developed a novel procedure using iron, the second reported example of iron-catalysed 
Markovnikov selective alkene hydroboration, using a novel iron pre-catalyst (107). It was 







Scheme 1.35 - Markovnikov selective hydroboration reactions 
A number of methods have also been developed for the asymmetric hydroboration of 1,1-
disubstituted alkenes. In this regard, iminopyridine-oxazoline ligands have proven highly 
effective, with Huang and Lu89,90 reporting the use of these complexes for asymmetric 
hydrobration on an array of examples in good yield and excellent enantioselectivity (108a and 
b). A particularly interesting application of this was the enantiodivergent hydroboration 
procedure reported by Lu (Scheme 1.36A). Iminopyridine-oxazoline and aminopyridine-
oxazoline complexes (109a and b) were found to give the opposite enantiomers. The origin of 
this effect was not fully elucidated, but the flexibility and increased steric bulk of 
aminopyridine-oxazoline complex 109b is thought to affect selectivity. The reactions may 
proceed through different mechanisms, with the less hindered iminopyridine-oxazoline 
complex 109a undergoing rapid hydrometallation before addition of HBpin. For the more 
hindered complex 109b, oxidative addition of HBpin is followed by borometallation, adding 
to the opposite face.9192 Using the same ligand class, Lu reported enantioselective 1,4-
hydroboration of vinylcyclopropanes to give highly enantioenriched trisubstituted alkenes 
with iminopyridine-oxazoline iron pre-catalyst 110 (Scheme 1.36B).93 Double hydroboration 
of alkynes was another reaction developed using this activation method with an iminopyridine-








Scheme 1.36 - A) Enantioselective alkene hydroboration; B) Enantioselective hydroboration 
of vinylcyclopropanes; C) Selective alkyne dihydroboration 
Huang and co-workers reported a system using an iminopyridine ligand complexed with iron 
dichloride (112), and NaHBEt3 as an in situ activator, giving selective formation of the 
secondary boronic ester (Scheme 1.37). Notably, the substrates are aryl substituted, and it was 
proposed that the greater thermodynamic stability of an organoiron intermediate with iron in 
the benzylic position was the cause of this selectivity. This was supported by a reaction 
performed under the same conditions but using an alkyl substituted diene, which proved 






Scheme 1.37 - 4,1-hydroboration of 1,3-dienes 
Another example of NaBHEt3 as a tool for uncovering new selectivity is Lu’s 1,6-
hydroborylative cyclisation reaction (Scheme 1.38), where an iminopyridine-oxazoline cobalt 
pre-catalyst (113) gave 1,6 hydroborylative cyclisation, while an iminopyridine cobalt pre-
catalyst (114) gave the 6,1-product, containing a vinyl boronic ester. The origin of this 
divergent selectivity was not fully explored, but was postulated to result from the more 
coordinatively unsaturated cobalt centre in the iminopyridine complex, which allowed alkene 
coordination prior to reaction. 96 
 
Scheme 1.38 - Regiodivergent hydroboration of 1,6-enynes 
Lu also reported the one-pot hydroboration-hydrogenation of alkynes to give enantioenriched 
alkyl boronic esters (Scheme 1.39). A cobalt iminopyridine imidazoline cobalt dibromide pre-
catalyst (115) was proposed to give a cobalt-hydride intermediate in situ (Scheme 1.39A). The 
assertion that hydroboration precedes hydrogenation was supported by the erosion in the 
enantiomeric excess of the alkyl boronic ester product (117) observed when the putative alkene 
intermediate (116) was subjected to the standard reaction conditions (Scheme 1.39B). 
Conversely, when the alkenylboronic ester product of hydroboration (118) was subjected to 
the standard conditions, high levels of enantioinduction and high yield of the alkyl boronic 
ester 119 were observed (Scheme 1.39C). In the absence of HBpin, the hydrogenation reaction 
did not take place. For this reason, it was concluded that catalytic turnover was dependent on 
the presence of HBpin. Metathesis of the cobalt-alkyl intermediate with HBpin gave a cobalt 
boryl complex, which then underwent another metathesis to regenerate HBpin and the cobalt 






Scheme 1.39 - A) Hydroboration-hydrogenation reaction sequence; B) Attempted 
hydroboration of alkene intermediate; C) Hydrogenation of alkenylboronic ester 
intermediate; D) Mechanism for regeneration of cobalt-hydride 
As mentioned above, the use of in situ activation by sodium triethylborohydride has given an 
activation platform that has allowed the development of a huge diversity of hydroboration 
reactions, and a similar trend is seen for hydrosilylation.98 
Rauchfuss used the same ligand reported for iron-catalysed hydroboration (99) in a cobalt-
catalysed hydrosilylation pre-catalyst. Reactivity studies of various pre-catalysts showed that 
either a well-defined cobalt-methyl complex (121) or a cobalt dichloride pre-catalyst (120) in 
the presence of a reductant gave the same cobalt-silyl intermediate (123), proposed to be key 
to catalytic activity. When triethylborohydride was used, this proceeded via the cobalt(I) 
hydride complex 122 which reacted with the silane reagent to give hydrogen and the cobalt-
silyl intermediate. In the case of cobalt(I) methyl (121), direct reaction with the silane reagent 
gave methane and the cobalt silyl species (Scheme 1.40A). Interestingly, however, the catalyst 
synthesised in situ showed greater reactivity and complete selectivity for the anti-
Markovnikov alkyl silane (124), while the cobalt methyl pre-catalyst gave a mixture of anti-







Scheme 1.42 - A) Catalyst activation for alkyl and halide complexes; B) Application in 
catalytic hydrosilylation 
Huang has reported regiodivergent hydrosilylation using iron and cobalt(II) phosphine 
iminopyridine catalysts 127 and 128 (Scheme 1.41). In both cases high levels of 
regioselectivity were obtained. With iron, the anti-Markovnikov (linear) isomer was favoured, 
while cobalt gave the Markovnikov (branched) isomer.100 The source of the divergent 
selectivity was not fully explored. In the case of iron, hydrometallation followed by reductive 
elimination of the alkyl silane may give the linear regioisomer, while for cobalt a catalytic 
cycle involving silylmetallation followed by reductive elimination may explain the differing 
selectivity. Huang’s iron-catalysed hydrosilylation procedure has also been applied to a one-
pot iridium-catalysed dehydrogenation/iron-catalysed hydrosilylation sequence, converting 
saturated alkanes to alkyl silanes.101 
 
Scheme 1.41 - Regiodivergent alkene hydrosilylation with iron and cobalt catalysts 
Another example of divergent selectivity uncovered using cobalt catalysis with in situ 
activation by NaBHEt3 is a hydrosilylation-hydroboration sequence developed by Lu. 
Hydrosilylation of alkynes using diphenylsilane and cobalt(II) pre-catalyst (129) in the 
presence of triethylborohydride gave the Markovnikov product. The catalyst proved to be 





hydrosilylation, addition of HBpin to the same reaction mixture allowed Markovnikov 
hydrofunctionalisation to give a borylsilylalkane in an overall one-pot procedure (Scheme 
1.42A).102 Using a novel pybox cobalt dichloride pre-catalyst (130), Huang also reported the 
synthesis of Si-stereogenic silanes. Over 40 examples were reported, with up to 91% e.e. 
and >99:1 selectivity for the Markovnikov regioisomer (Scheme 1.42B).103 
 
Scheme 1.42 A) Hydrosilylation-hydroboration sequence; B) Hydrosilylation with silicon-
stereogenic silanes 
 
1.4.3 Grignards Reagents, Activated Magnesium and Other Reagents 
Iron and cobalt(II/III) complexes have also been reduced in situ using Grignard reagents or 
Reike magnesium. Similar to pre-activation with reducing agents such as alkali metals to 
synthesise well-defined complexes or in situ activation with aluminium alkyl species or 
triethylborohydride, this method gives low oxidation-state complexes. 
An activation method used by Thomas and co-workers is reduction of a bis(imino)pyridine 
iron(II) dichloride (131) with a Grignard reagent. This is another route to a low oxidation-state 
catalyst for hydrofunctionalisation. This activation method was shown to be applicable to iron-







Scheme 1.43 - Hydrofunctionalisation with a Grignard reagent as activator 
Another mode of activation by Grignard reagents in hydrofunctionalisation is reduction of 
metal complexes and then use of the Grignard reagent itself to generate a metal hydride. An 
example of this is the hydrocarboxylation reaction reported by Thomas and co-workers, using 
a stoichiometric amount of Grignard reagent both to generate a low oxidation-state iron 
complex and to act as a hydride source for hydrocarboxylation (Scheme 1.44A).106 A 
simplified version of this procedure, using tetramethylethylenediamine (TMEDA) was applied 
to reaction with 18 different electrophiles (Scheme 1.44B).107 The formation of a metal-
hydride intermediate was proposed to proceed by formation of a low oxidation-state iron ethyl 
complex (132), coordination of the olefin substrate (133), and β-hydride elimination to give 
an iron hydride intermediate (134). This is followed by hydrometallation (135) and 
transmetallation with Grignard reagent to give an overall hydromagnesiation reaction, with 







Scheme 1.44 - A) Iron-catalysed alkene hydrocarboxylation; B) Application of this method 
to different electrophiles; C) Proposed mechanism for metal-hydride formation 
Ritter developed a series of catalysts for the hydrofunctionalisation of 1,3-dienes such as 
myrcene (139) (Scheme 1.45) using iron(II) dichloride pre-catalysts bearing different 
iminopyridine ligands (137 and 138). The bidentate iminopyridine ligand offered a vacant site 
for diene coordination, and thus this system was selective for dienes over isolated alkenes. Use 
of diarylmethine as the substituent on the imine (137) exhibited 1,4-selectivity to give 3,7-
dimethylocta-2-6-dienyl boronic ester (140). An aryl substituent on the ligand (138) gave the 
4,1-hydroboration product (141, Scheme 1.45A).  Another reaction developed using Reike 
magnesium as an activator was hydrovinylation of 1,3-dienes. In this case, the reaction was 
selective for 1,4-addition of the olefin substrate, possibly due to the steric favourability of 
placing the alkene in a less hindered position on the diene substrate. It was also found that 







Scheme 1.45 - A) Tuneable 1,4- and 4,1-selective hydroboration of 1,3-dienes; B) 1,4-
hydrovinylation of 1,3-dienes 
Similar complexes have been applied in the 1,6-functionalisation reactions of enynes. The use 
of bidentate ligands again allowed the coordination of both olefins, which facilitates 
intramolecular cyclisation. Cardenas used an iron complex bearing a 2,2’-biquinoline ligand 
(144) with methyl magnesium chloride as an activator for the 1,6-hydroborylative cyclisation 
(Scheme 1.46A). Activation was proposed to occur by the formation of an iron(II) dimethyl 
complex (145) and metathesis with HBpin to give methylBpin and an iron hydride complex 
(146, Scheme 1.46B).112 
 






Another example of 1,6-enyne functionalisation is the procedure reported by Yang. Here, a 
combination of diethylzinc and magnesium bromide is used. It is possible that the diethylzinc 
directly transfers an ethyl group onto iron, but in situ formation of a Grignard reagent and 
transmetallation onto iron is also possible. This reaction is mechanistically analogous to the 
hydroborylative cyclisation, forming a dialkylzinc reagent instead of a boronic ester, which 
gives the alkane on protonolysis (Scheme 1.47).113 
 
Scheme 1.47 - 1,6-reductive enyne cyclisation 
Grignard reagents have also been used as activators for cobalt catalysis. Holland reported the 
hydrosilylation of alkenes using NacNac cobalt complexes. A series of low oxidation-state 
cobalt complexes were synthesised, and the reaction was shown to be equally effective 
whether using cobalt(II) pre-catalysts or pre-reduced cobalt(I) species as pre-catalysts, for 
example use of binuclear NacNac cobalt chloride complex 147 in the hydroboration of 1-
hexene (148) gave hexyl-1-phenylsilane (149) in excellent yield (Scheme 1.48).114 
 
Scheme 1.48 - Activation for cobalt-catalysed hydrosilylation 
1.5 Exogenous Activation with Mild Reagents 
The extensive reactivity uncovered with in situ activation detailed in the previous section, 
combined with the increased operational simplicity of using low oxidation-state iron or cobalt 
complexes without synthesising a well-defined pre-catalyst, makes it a valuable approach to 
activation. What would make low oxidation-state iron and cobalt catalysis even more 
applicable would be the development of activation methods which use readily available, 
bench-stable reagents as activators instead of the pyrophoric compounds detailed above. 
One activation method which has been developed involves the use of amines as activators. A 





triflate pre-catalyst 150. This allowed hydrosilylation of alkenes and alkynes in good yield 
(Scheme 1.49). Amines have been used to generate 2nd- and 3rd-row transition metal hydrides 
by β-hydride elimination, and it was postulated that a similar process may occur here. However, 
none of the expected byproducts of β-hydride elimination, such as imines, were observed in 
the reaction. Tests with radical traps showed that substoichiometric loadings of TEMPO and 
galvinoxyl led to complete inhibition of the reaction, suggesting that the activation follows a 
one-electron mechanism. The amine radical cation, however an expected byproduct of single 
electron transfer, could not be observed under reaction conditions.115 
 
Scheme 1.49 - Amine-activated iron catalysed hydrosilylation 
A broadly applicable activation platform using sodium tert-butoxide has also been developed. 
The procedure was shown to be applicable to hydrosilylation reactions catalysed by iron, 
cobalt, manganese and nickel (Scheme 1.50A).116 
The activation procedure was shown to proceed through the generation of a boron or silicon 
‘ate’ complex (151) – which were observed by 11B and 29Si NMR respectively.  These 
compounds are known to act as nucleophilic reagents. In this case, the ‘ate’ complex acts as 
an in situ hydride reagent. This transfers hydride to the pre-catalyst, giving a metal-hydride 
complex and a trialkoxyborane compound, tert-butoxypinacolborane (152). The metal hydride 
complex formed then loses dihydrogen by reductive elimination to a low oxidation-state 
catalyst (Scheme 1.50B). 
Mechanistic insight into this reaction allowed the application of the activation method beyond 
hydroboration and hydrosilylation. Using substoichiometric HBpin or PhSiH3 and sodium tert-
butoxide to generate an ‘ate’ complex which, in the presence of an iron or cobalt(II) complex, 
gives a low oxidation-state catalyst which can be used to catalyse other reactions. As such, 
procedures were developed for hydrovinylation, hydrogenation and [2+2]-cycloaddition. This 
represented an operationally simple platform for activation which was shown to be broadly 
applicable across first-row transition metals and different reaction classes.103,116 This was later 







Scheme 1.50 - Activation by alkoxides; A) Reactivity; B) Role of boronate complex in 
activation 
1.6 Endogenous Activation 
Access to catalytically competent low oxidation-state complexes would be even simpler if it 
could be accomplished by using a complex which can undergo activation without addition of 
an external reagent. Some methods have been developed which allow this, most notably using 
ligands containing alkoxides or amines, or carboxylate counterions. 
A novel activation procedure was reported by Thomas and co-workers using iron(II) 
complexes bearing N-heterocyclic carbene ligands. Using an NHC-iron(II) pre-catalyst where 
the ligand has a pendant alkoxide (153), Markovnikov selectivity in the hydroboration of aryl 
alkenes was observed for the first time. Using a different N-heterocyclic carbene ligand (154) 
with catecholborane, alkyl alkenes were underwent anti-Markovnikov hydroboration (Scheme 
1.51A). The reaction was thought to be initiated by coordination of the boron reagent by the 
tethered alkoxy group from the ligand and subsequent intramolecular hydride transfer to form 
an iron hydride complex. This was supported by mass spectrometry, where the alkoxy-Bpin 






Scheme 1.51 - A) Regiodivergent hydroboration of alkenes; B) Evidence for alkoxide as an 
activator 
Similar protocols have been reported by Wang with both iron and cobalt complexes (Scheme 
1.52). Cobalt-catalysed hydroboration of alkenes was accomplished using a cobalt half-
sandwich complex with an aryl 1,2-amidophosphine ligand (157). Activation was proposed to 
occur through coordination of boron by the nitrogen in the ligand and formation of a cobalt 
hydride complex (158, Scheme 1.52A). The authors proposed that this was the active catalyst. 
Notably, alkenes bearing an allylic heteroatom were also hydroborated using the same catalyst 
(Scheme 1.52B), but with lower catalyst loading (1 mol% vs. 2 mol%) and temperature (rt vs. 
40 °C). A dinitrogen bridged iron complex, with sulphide in place of nitrogen in the ligand 






Scheme 1.52 - A) Cobalt catalyst for alkene hydroboration and plausible synthesis of cobalt 
hydride and iron pre-catalyst for hydroboration of heteroaromatics; B) Catalytic 
hydroboration reactions 
This approach was applied by Nagashima to the iron and cobalt-catalysed hydrosilylation of 
alkenes with iron or cobalt pivalate salts and adamantyl isocyanide (160) as ligand.121 These 
compounds are not commercially available and are unstable, thus some of the advantages of 
using this activation procedure are nullified. A similar procedure was reported by Chirik and 
co-workers, where a pyridine bis(dihydropyrole) ligand was used with a cobalt ethylhexanoate 
salt (161) for anti-Markovnikov hydrosilylation.122 The advantage of using carboxylate 
complexes is the potential to use commercially available salts without adding an external 
activator (Scheme 1.53A). Although the complexes used in these examples are not readily 
available, it is possible that this can be applied to readily available metal salts. 
The mechanism underlying these procedures is, as yet, unclear. One proposal is a metathesis-
type mechanism (Scheme 1.53B) where a metal hydride complex is formed through a 4-
membered transition state, giving a silyl ester and a metal hydride complex. It is also 
conceivable that the reaction occurs through an ‘ate’ complex intermediate formed by 
carboxylate and silane reagent which generates a metal hydride. This would be supported by 
analogy to the mechanism when an external alkoxide is used and also by the weaker 






Scheme 1.53 - A) Hydrosilylation catalysts using carboxylate counterions; B) Proposed 
metathesis mechanism 
Another example of chemistry facilitated by carboxylate complexes is C–H borylation. This 
is a highly desirable reaction due to the prevalence of Suzuki–Miyuara cross-coupling 
reactions in industrial settings and the drive for more efficient procedures to synthesise the 
aryl boronic ester precursors. Chirik has developed a number of procedures for cobalt 
catalysed C–H borylation (Scheme 1.54). Fluorinated aromatics were shown to undergo C–H 
activation by a cobalt carboxylate complex bearing a PNP pincer ligand (162).123 Reactivity 
studies on well-defined C–H borylation catalysts established a cobalt(I) boryl complex as the 
key catalytic intermediate. In this case, a cobalt boryl complex may be generated by a 
metathesis reaction with B2pin2, although in some cases HBpin was added as an external 
activator to facilitate formation of a cobalt boryl complex.124 Using a cobalt terpyridine 
catalyst (163), borylation of unactivated aromatics was reported, although in this case the 
borylation was inhibited by addition of HBpin.125126 A diimine catalyst (164) was used for the 
polyborylation of substituted aromatics at the benzylic position. Tailoring of the reaction 
conditions by varying loading of HBpin and temperature allowed selective incorporation of 1-






Scheme 1.54 - Cobalt catalysts for C–H borylation 
Another challenging reaction that has been developed using carboxylate catalysts is Suzuki–
Miyuara cross-coupling. This has proved challenging to accomplish with iron and cobalt, due 
to challenges in transmetallation from boronic esters. Organolithium reagents have been used 
to make a nucleophilic boronate complex which facilitates transmetallation.20–23,128–131 Chirik 
has reported Suzuki–Miyuara cross-coupling between heteroaryl boronic esters and aryl 
triflates in the absence of an added organometallic reagent. The heteroatom in the substrate 
coordinates to the cobalt pre-catalyst to give intermediate 165, allowing an intramolecular 
addition of the carboxylate to the boronic ester through transition state 166. This facilitated 
transfer of the aromatic group to cobalt, giving a cobalt-aryl complex (167) and thus allowing 
the cross coupling reaction (Scheme 1.55).132 
 
Scheme 1.55 - Mechanism for Suzuki–Miyaura cross-coupling by cobalt carboxylate 
complexes 
Perhaps the simplest procedure using a carboxylate pre-catalyst is the use of commercially 





By varying between commercially available phosphine ligands, different reactivity was 
observed. Using triphenylphosphine as a ligand, hydroboration of benzofuran (168) was 
observed, giving a 3-substituted dihydrobenzofuran (169). When triethylphosphine was used 
instead, C–H borylation at the 2-position was observed to give the 2-borylbenzofuran (170). 
Although only one example of each was reported, this demonstrates the potential of 
endogenous activation procedures to allow optimisation and discovery of novel reactivity.44 
 





Chapter 2: Tetrafluoroborate as an activator 
 
2.1 Project Aims 
The utility of low oxidation-state iron and cobalt catalysts has been outlined in the introduction. 
The aim of this work was to develop a new method of accessing these complexes in situ 
without an external activator or prior isolation of a well-defined low oxidation-state complex 
(Scheme 2.1). Ideally, this method would combine commercially available metal salts and 
ligands to give an operationally simple platform which does not require pre-catalyst synthesis. 
 
Scheme 2.1 - Overview of aims for activation procedure 
2.2 Initial Results 
Previous investigations using bis(imino)pyridine iron(II) compounds as pre-catalysts for the 
hydrosilylation of alkenes had shown counter-ion dependence in reaction initiation (Table 2.1).  
Use of the triflate counterion, in place of chloride, allowed activation with amines instead of 
more strong, organometallic reducing reagents.115 Chloride pre-catalysts are inert without an 
activator or using Hünig’s base as an activator (Table 2.1, Entries 1 and 2).  
On changing to a less coordinating anion such as triflate (Entry 3 and 4), whose conjugate acid 
has a pKa of -14.7 (for TfOH)133 in comparison to -7 (for HCl),134 the iron complex was 
observed to have a site occupied by H2O (150, Figure 2.1B). An even less coordinating 
counter-ion, i.e. tetrafluoroborate (BF4)135 (171a, Figure 2.1C) generates an octahedral iron 
centre coordinated by labile ligands -  essent solvent and H2O - as observed by single crystal 
X-ray analysis. It was shown that complexes bearing more non-coordinating counterions are 
increasingly reactive in this system.  This is attested by the ability of the BF4 complex (171a) 





Interestingly, the presence of amine led to reaction inhibition, perhaps through coordination 
of the catalyst by amine and formation of an inactive species (Entry 6). 
A B C 
 
   
   
Figure 2.1 – A) Single crystal X-ray structure of EtBIPFeCl2 complex (CCDC 950588) B) 
Single crystal X-ray structure structure of EtBIPFe(OTf)2 complex (CCDC - 1452177) C) 
Single crystal X-ray structure structure of EtBIPFe(BF4)2 complex (CCDC -1563786, N.B. 
non-coordinating BF4 anion) 
Table 2.1* - Counterion Effect on Hydrosilylation 
 
Entry X Additive % Yield 
1 Cl - 0 
2 Cl iPr2NEt 0115 
3 OTf - 0 
4 OTf iPr2NEt  >95115 
5 BF4 - >95 
6 BF4 
iPr2NEt  47 
Conditions: Olefin (1.00 equiv.) Olefin, phenylsilane (1.10 equiv.), catalyst (0.02 equiv.) and additive (0.25 
equiv.) stirred neat at ambient temperature; for 1 hour. Yields determined by 1H NMR spectroscopy using 1,3,5-
trimethoxybenzene as an internal standard 
 
                                                          





In order to further develop this novel activation strategy, we investigated whether it was 
applicable to a number of reactions or only to hydrosilylation. This would facilitate 
development of a general pre-catalyst activation strategy; potentially being applied to other 
reactions, such as alkene hydroboration. Reaction of the triflate complex with 1-octene, 
pinacolborane and Hünig’s base as an activator gave the product in 35% yield (Table 2.2, 
Entry 1). The use of the tetrafluoroborate complex [EtBIPFe(BF4)2] (171a) was even more 
efficient, giving the linear boronic ester as a single regioisomer (Entry 2). The method also 
allowed the use of ethereal solvents, which enabled in situ complexation of free-ligand and 
iron salt (Entry 3-5). This means that by mixing a commercially available ligand and iron salt 
at room temperature in the absence of an external activator, comparable reactivity to even the 
most powerful systems is possible.  
Table 2.2 - Initial results for hydroboration 
2.3   Optimisation for Hydroboration 
2.3.1 Ligand Screen 
2.3.1.1 Other Ligand Structures 
The bis(imino)pyridine ligand structure has been used in numerous systems for iron and 
cobalt-catalysed hydroboration as well as other reactions.17,39,45,49,104–106,116,124,136 For this 
reason, it was decided to explore other ligand systems to develop a ligand catalyst system 
previously unused for these transformations. 
 
Entry X Additive % Yield 
1 OTf iPr2NEt (10 mol%) 35 
2 BF4 - 81 
3a BF4 - >95 
4a BF4 - 4 
5ab BF4 - >95 
Conditions: Olefin (1.00 equiv.) with pinacolborane (1.20 equiv.), and [EtBIPFe(BF4)2] (0.02 equiv.) at ambient 
temperature; over 24 hours. Yields determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an 






To this end, a number of different ligands were screened (Scheme 2.2). A variety of different 
coordination environments were tested including monodentate phosphines and NHCs as well 
as amine and phosphoric acid ligands. 
A wider range of bidentate ligands were tested. Diimine ligands, used by tom Dieck in 
hydrovinylation reactions, and the related iminopyridine complexes were also examined.34 
Additionally, bisoxazoline ligands in addition to an oxazoline-phosphine ligand. Salen ligands 
were also tested, as well as ligands unreported in low oxidation-state iron chemistry such as 
proline. A number of different bisphosphine ligands, one example of a phosphine oxide-
phosphine ligand as well as bipyridines, diimines, iminopyridines and diamines. As the most 
successful class of ligand had been bis(imino)pyridine, a number of different tridentate ligands 







Scheme 2.2 – Screening of ligands for hydroboration 
Of the ligands screened, only a small number showed activity for alkene hydroboration. Some 
of the bidentate phosphines gave up to 10% reactivity (175-178), and tetraphos (179), which 





Interestingly, in spite of the structural similarity of terpyridine (180) to bis(imino)pyridine, no 
hydroboration was observed under these conditions, and only trace amounts with 1,10-
phenanthroline (181). A salen ligand (182) again gave less than 10% yield. The iminopyridine 
ligand (80) developed by tom Dieck and  used by Ritter in 1,4-selective hydrofunctionalisation 
with Mg-activated iron109,110 proved to be effective in this system for the 1,4-hydroboration of 
myrcene using both iron and cobalt. An NHC-imine ligand (183) gave 28% yield of the 
isomerised alkene, indicating potential hydrometallation and catalytic activity. Finally, a 
bisphosphinyl pyrrolidine ligand (184) gave 16% yield of the alkane product of formal 
hydrogenation. 
 
Scheme 2.3 - Ligands showing reactivity for hydroboration 
2.3.1.2 Bis(imino)pyridine Ligands 
A range of bis(imino)pyridine iron and cobalt complexes were screened as catalysts in the 
hydroboration of alkenes. It has been shown by both Chirik and Thomas that the N-aryl 
substituents can have a profound impact on the activity and selectivity of the catalyst.48,49,105 





had a significant influence on reactivity (Scheme 2.4). When using the smallest possible N-
aryl substituent, unsubstituted phenyl, no reactivity was observed using an Fe catalyst, while 
under Co catalysis complete conversion to the internal alkene was observed, with no boronic 
ester produced. For both iron and cobalt catalysts, low yield of the boronic ester product was 
observed when using an N-2,6-dimethylphenyl substituent on the imine. Using N-mesityl gave 
a good yield of the boronic ester for the iron catalyst and full conversion for the cobalt catalyst. 
Using the original N-2,6-diethylphenyl group gave quantitative yield using both metal 
catalysts, while the N-2,6-diiso-propylphenyl group gave quantitative yield for the iron 
catalyst but only 35% under cobalt catalysis. This suggests the need for a finely tuned steric 
environment to give the optimum catalyst for these transformations. A general trend showed 
that bis(imino)pyridine ligands bearing larger N-aryl substituents were more active under iron 
catalysis but less activity under cobalt catalysis was observed. Owing to the high yields 
observed under both iron and cobalt catalysis, the 2,6-diethyl phenyl substituted 
bis(imino)pyridine ligand (EtBIP) was selected for further studies. 
 









2.3.2 Metal Salts 
After showing the optimum ligand to be EtBIP, we next turned our attention to the efficacy of 
different metal salts as pre-catalysts. It seems that the counterion has a large effect on the 
outcome of the reaction (Table 2.3). In contrast to the reports by Chirik using cobalt acetate,44 
iron acetate proved to be catalytically inert (Entry 1). Similarly, iron acetylacetonate was also 
inactive (Entry 2). Iron stearate Fe(C17H35COO)2, a carboxylate with a longer chain organic 
group, showed some activity, as reported for hydrosilylation by others.138 While not showing 
high levels of activity (16% hydroboration product, 25% of the alkene isomerisation observed), 
this suggests the viability of carboxylates as pre-catalysts for endogenous activation. It also 
underlines the importance of pre-catalyst solubility, as evidenced by the difference in activity 
for iron acetate and iron stearate based catalysts. Iron perchlorate also proved inactive (Entry 
4). Other commercially available iron salts, such as iron sulfate (Entry 5), bromide (Entry 6), 
chloride (Entry 7) and fluoride (Entry 8) all proved inactive. The inactivity of iron fluoride 
complexes has previously been demonstrated by Nakamura and co-workers.139 Using other 
iron complexes with weakly coordinating counterions, such as hexafluorophosphate (Entry 9) 
gave no reactivity, suggesting that the activity of tetrafluoroborate pre-catalysts is not merely 
due to having a weakly coordinating counterion which gives a ‘naked’ iron centre. Other 
commercially available transition metal tetrafluoroborate salts (Co, Ni, Cu and Zn – Entries 
10-13) did not give sufficient reactivity with only cobalt tetrafluoroborate giving a 






Table 2.3 – Effect of iron and cobalt salts on alkene hydroboration 
 
Entry Catalyst Yield 
1 Fe(OAc)2 0 
2 Fe(Acac)2 0 
3 Fe(stearate)2 16% (25% isomerisation) 
4 Fe(ClO4)2 0 
5 FeSO4 0 
6 FeBr2 0 
7 FeCl2 0 
8 FeF2 0 
9a EtBIPFe(PF6)2 (171e) 0 
10 Co(BF4)2·6H2O >95% 
11 Ni(BF4)2·6H2O 3% (13% isomerisation) 
12 Cu(BF4)2·6H2O 0 
13 Zn(BF4)2·6H2O 0 
Conditions: Olefin (1.00 equiv.) with pinacolborane (1.20 equiv.), and EtBIP (0.02 equiv.) and FeX2 (0.02 equiv.), 
stirred in THF (1 M) at ambient temperature; over 24 hours. Yields determined by 1H NMR spectroscopy using 
1,3,5-trimethoxybenzene as an internal standard. a) Using pre-formed complex 
 
We wanted to extend our catalytic system to the hydroboration of alkynes, thus we tested metal 
salts for this reaction. Similar reactivity was observed as for alkene hydroboration (Table 2.4). 
Using iron tetrafluoroborate gave good reactivity for the hydroboration of diphenylacetylene 
(172b) to give the alkenylboronic ester (174b) (Entry 1). Similar to our observation for alkene 
hydroboration, iron acetate and acetylacetonate were inactive, while iron stearate gave 50% 
yield of the alkenyl boronic ester (Entries 2-4). Iron perchlorate gave a low hydroboration 
yield (Entry 5). Commercially available iron iodide was also inactive (Entry 6). As observed 
for alkenes, iron hexafluorophosphate is catalytically inert in alkyne hydroboration (Entries 7 
and 8). Interestingly, cobalt catalysis gave a good yield of formal semi-hydrogenation of the 





Table 2.4 –Effect of counterion on hydroboration of alkynes 
 
Entry Catalyst Yield 
1 Fe(BF4)2·6H2O 75% 
2 Fe(OAc)2 0 
3 Fe(Acac)2 0 
4 Fe(stearate)2 50% 
5 Fe(ClO4)2 14% 
6 FeI2 0 
7 FeF2 0 
8a EtBIPFe(PF6)2 (171e) 0 
9 Co(BF4)2·6H2O 60% semi-hydrogenation 
10 Ni(BF4)2·6H2O 5%  
11 Cu(BF4)2·6H2O 0 
12 Zn(BF4)2·6H2O 0 
Conditions: Olefin (1.00 equiv.) with pinacolborane (1.20 equiv.), and EtBIP (0.02 equiv.) and FeX2 (0.02 
equiv.), stirred in THF (1 M) at ambient temperature; over 24 hours. Yields determined by 1H NMR spectroscopy 
using 1,3,5-trimethoxybenzene as an internal standard. a) Using pre-formed complex 
 
2.3.3 Control Reactions 
In order to develop a greater understanding of how the activation method works and whether 
the observed effect was due to the tetrafluoroborate counterion or another factor, a series of 
control reactions were carried out (Table 2.5). Using the isolated pre-catalyst, which was 
synthesised by a salt metathesis reaction between the chloride pre-catalyst (131) and silver 
tetrafluoroborate gave quantitative yield (Entry 1). An isolated complex made by mixing iron 
tetrafluoroborate hexahydrate and EtBIP gave a lower yield (Entry 2). This was proposed to 
result from uncertainty of the exact catalyst loading due to the more hydrated nature of the 
complex. However, mixing the commercially available hydrate salt and ligand in situ gave the 
same results as the isolated complex (Entry 3). An alternative method of forming the iron 
tetrafluoroborate pre-catalyst was mixing the isolated iron bis(imino)pyridine dichloride pre-
catalyst and silver tetrafluoroborate to carry out salt metathesis and catalyst activation in situ.  





inhibition resulting from the presence of silver in the reaction mixture (Entry 4). Using the 
ligand alone, or silver tetrafluoroborate gave no activity (Entries 5 and 6). As demonstrated 
above, the dichloride pre-catalyst was inactive (Entry 7), as was iron tetrafluoroborate in the 
absence of ligand (Entry 8). Mixing ligand and silver tetrafluoroborate also gave no activity 
(Entry 9). As shown above (Table 2.3, Entry 10 and Table 2.4, Entry 9), use of a 
tetraphenylborate complex as pre-catalyst gave no activity (Entry 10). In order to rule out trace 
metal contaminants playing a role in catalysis, pre-catalyst 171a was synthesised from 99.99% 
pure iron(II) chloride, and gave quantitative yield of the hydroboration product (Entry 11). 
The lack of diminished activity for an iron source with a smaller degree of impurity means 
that is it unlikely that trace contaminants playing a key role in catalysis. Use of technical grade, 
unpurified THF led to no product formation (Entry 12), but when the solvent was degassed 
the boronic ester product was obtained in excellent yield (Entry 13). 
Taken together, these results show that catalytic activity results solely from the presence of 
the ligated iron tetrafluoroborate complex, and all components are necessary for activation. 
The results obtained using technical grade, unpurified solvent suggest that this activation 
method is tolerant of moisture, which is supported by the catalytic activity of commercially 
available hydrate complexes, but sensitive to oxygen. It is clear that activity is not solely due 
to the iron complex bearing a weakly coordinating counterion. Tetrafluoroborate itself is 
essential to reactivity, possible due to the potential of tetrafluoroborate to dissociate fluoride. 






Table 2.5 – Control reactions for hydroboration 
  
Entry Catalyst Yield 
1 [EtBIPFe(BF4)2] (171a) >95% 
2 [EtBIP Fe(H2O)6][BF4]2 69% 
3 [Fe(H2O)6][BF4]2 + EtBIP in situ mix >95% 
4 EtBIPFeCl2 + AgBF4 0% 
5 EtBIP 0% 
6 AgBF4 0% 
7 EtBIPFeCl2 0% 
8 Fe(BF4)2·6H2O 0% 
9 EtBIP + AgBF4 trace 
10 EtBIPFe(BPh4)2 (171c) 0% 
11 99.99% pure [EtBIPFe(BF4)2] >95% 
12 [EtBIPFe(BF4)2]a 0% 
13 [EtBIPFe(BF4)2]b 90% 
Conditions: Olefin (1.00 equiv.) with pinacolborane (1.20 equiv.), and EtBIP (0.02 equiv.) and FeX2 (0.02 
equiv.), stirred in THF (1 M) at ambient temperature; over 24 hours. Yields determined by 1H NMR 
spectroscopy using 1,3,5-trimethoxybenzene as an internal standard a) THF solvent used directly from 
Winchester bottle; b) THF used from Winchester bottle and degassed prior to use 
 
2.3.4 Catalyst Loading and Concentration 
Further experiments were directed towards determination of the optimal catalyst loading 
(Table 2.6). When catalyst loading was below 1 mol%, little or no alkyne hydroboration was 
observed, with a small amount of formal semi-hydrogenation (Entries 1-3). Reaction with 1 
mol% of catalyst gave a slower reaction, but also greater selectivity for the alkenyl boronic 
ester over the alkene side product (Entry 4). Using 2 mol% catalyst gave a faster reaction, with 
the same overall yield, but with less selectivity for hydroboration (Entry 5). Further increasing 






Table 2.6 – Effect of catalyst loading on alkyne hydroboration 
 
Entry Catalyst loading Yield 1h Yield 24h 
1 0.1 mol% 0 0 
2 0.2 mol% 0 0 
3 0.5 mol% Trace hydrogenation 6% hydrogenation 
4 1 mol% 39%, 1% hydrogenation 63%, 11% hydrogenation 
5 2 mol% 52%, 19% hydrogenation 58%, 19% hydrogenation 
6 5 mol % 53%, 18% hydrogenation 46%, 22% hydrogenation 
Conditions: Olefin (1.00 equiv.) with pinacolborane (1.20 equiv.), and EtBIPFe(BF4)2 (X equiv.), stirred in 
THF (1 M) at ambient temperature; over 24 hours. Yields determined by 1H NMR spectroscopy using 1,3,5-
trimethoxybenzene as an internal standard 
 
For alkene hydroboration, a catalyst loading of 0.1 mol% gave almost no yield (Entry 1) but 
as little as 0.2 mol% gave the product in good yield (Entry 2 and 3). A catalyst loading of 1 
mol% gave the hydroboration product in quantitative yield (Entry 4), but increasing the 
loading further had a detrimental effect on the yield (Entry 5 and 6). 
Table 2.2 - Effect of catalyst loading on alkene hydroboration 
 
Entry Catalyst Loading (mol%) % Yield  
1 0.1 9 
2 0.2 77 
3 0.5 77 
4 1 >95 
5 2 85 
6 5 30 
Conditions: Olefin (1.00 equiv.) with pinacolborane (1.20 equiv.), and EtBIPFe(BF4)2 (X equiv.), stirred in THF 
(1 M) at ambient temperature; over 24 hours. Yields determined by 1H NMR spectroscopy using 1,3,5-






The other parameter tested was the concentration of catalyst in solution (Table 2.8). Ideally, it 
would be possible to run the reaction at a high concentration in order to use the minimum 
amount of solvent. When the reaction was run in 2.5 mL of THF – a catalyst concentration of 
0.004 M, 80% yield was observed (Entry 1). As expected, higher concentration of catalyst 
gave improved activity (Entry 2-4). Notably, the reaction could be run in as little as 0.1 mL of 
THF, which gave an excellent yield of the alkyl boronic ester (Entry 4). 
Table 2.3 - Effect of catalyst concentration on alkene hydroboration 
 
Entry THF Volume (mL) Catalyst Concentration (M) % Yield 
1 2.5 0.004 80 
2 0.5 0.02 87 
3 0.25 0.04 88 
4 0.1 0.1 92 
Conditions: Olefin (1.00 equiv.) with pinacolborane (1.20 equiv.), and EtBIPFe(BF4)2 (0.01 equiv.), stirred in 
THF (1 M) at ambient temperature; over 24 hours. Yields determined by 1H NMR spectroscopy using 1,3,5-
trimethoxybenzene as an internal standard 
 
2.4  Substrate Scope 
Having developed a system for alkene hydroboration without need for an external activator, 
we examined the scope of the procedure for both iron and cobalt-catalysed hydroboration of 
alkenes and alkynes (Scheme 2.5). In all cases, the pre-catalyst was formed in situ by mixing 
the metal tetrafluoroborate hydrate salt and EtBIP thus negating the need for pre-catalyst 
synthesis and activation occurred without use of an external activator. One of the limitations 
of Earth-abundant metal-catalysed hydrofunctionalisation has been a limited substrate scope.17 
Compared with precious metals, first-row transition metals are harder and more oxophilic,140 
which means that olefins bearing more polar functional groups such as ketones or amides have 
undergone competing reduction reactions rather than the desired alkene 
hydrofunctionalisation reactions. 
Under both iron and cobalt catalysis, 1-octene underwent hydroboration in excellent yield 
(174a). Hydroboration of diphenylacetylene using an iron catalyst gave the (Z)-alkenyl 





observed.  Another example of an alkyl alkene is 4-phenyl-1-butene (172c), which again gave 
the boronic ester product in excellent yield under iron and cobalt catalysis (174c). 
Hydroboration of 1,3-diene myrcene (139) under these conditions gave selective 1,2-
hydroboration with both iron and cobalt catalysts to produce the linear boronic ester 174d, in 
contrast to Ritter’s system using a bidentate iminopyridine ligand.109 Our catalyst system 
displayed excellent chemoselectivity for terminal alkenes over internal alkenes. This is 
exemplified by the hydroboration of 4-vinyl cyclohexene (172e), where both iron and cobalt 
catalysts gave exclusive hydroboration of the terminal alkene to the linear boronic ester 174e.   
The selective hydroboration of alkenes bearing pendant oxygen-containing functional groups 
has been a challenge of iron and cobalt-catalysed hydrofunctionalisation. In this case, 
hydroboration of 5-epoxy-1-hexene (172f) gave good yield of the boronic ester product 
without reaction of the epoxide (174f). Similarly, methyl-10-undecenoate (172g) underwent 
successful hydroboration in excellent yield using a cobalt catalyst and good yield with an iron 
catalyst (174g). The system was tolerant of other functional groups using cobalt catalysis but 
not iron. This is unsurprising, as iron is more oxophilic than cobalt so it may be expected that 
an iron catalyst is less able to tolerate polar functional groups.140 Tetrahydroisoquinoline amide 
172h underwent hydroboration in good yield, although the product had to be isolated by 
oxidation to give the terminal alcohol (174h).141 5-Hexene-2-one (172i) also underwent olefin 
hydroboration under cobalt catalysis (174i). In both cases, iron catalysis gave none of the 
desired hydroboration product. Hydroboration of styrene derivatives was also possible. Highly 
hindered 2,4,6-trimethylstyrene (172j) underwent hydroboration in excellent yield using 
cobalt catalysis and gave a small amount of the product with iron (174j). Similarly 4-
fluorostyrene (172k) and 4-methoxystyrene (172l) also underwent hydroboration under both 
iron and cobalt catalysis, with the cobalt catalyst giving a synthetically useful yield (174k and 
174l). This suggests that the steric and electronic effects of substitution on the aryl group had 
little effect on the progress of the reaction. Overall, the activation procedure displays a wide 







Scheme 2.5 - Substrate Scope 
A number of substrates proved unreactive to hydroboration using these catalysts (Scheme 2.6). 
Natural product sclareol, with either unprotected alcohols (175a) or methyl ether protecting 
groups (175b) did not undergo hydroboration. This is possibly due to coordination of the iron 
or cobalt by the oxygen of the allylic alcohol or ether, shutting down activity. This seems to 
be confirmed by the lack of reactivity observed with allylic alcohols (175c), allylic amides 
(175d), allylic esters (175e and 175f), allylic amines (175g) and allylic ethers (175h). Some 
styrene derivatives were also unreactive under reaction conditions. 4-Bromostyrene (175i) is 
one example, which was potentially caused by catalyst inhibition caused by insertion of the 
low oxidation-state catalyst into the carbon-bromine bond. 4-Aminostyrene also proved 
unreactive, perhaps due to coordination of the catalyst by the amino group (175j). 4-
phenylstyrene (175k) and 4-ethynylstyrene (175l) were also unreactive, although this may be 
partially due to limited solubility in THF. 3- and 4-Vinyl pyridine (175m and 175n) were also 
unreactive, possibly due to coordination of the catalyst by pyridine. Neither benzofuran (175o) 
nor indene (175p) underwent successful hydroboration. Additionally, more hindered alkenes 
 
 
Conditions: Olefin (1.00 equiv.) with pinacolborane (1.20 equiv.), and metal salt (0.02 equiv.) stirred in THF (1 M) at 
ambient temperature; over 24 hours. Yields determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an 
internal standard. Yields in parentheses are isolated yields based on reaction on 1.5 mmol scale a) 2.4 equiv. 





did not undergo hydroboration. Cyclooctene (175q), a 1,2-disubstituted alkene, gave only 
unreacted starting material, while pinene (175r) gave an intractable mixture of products. 
Additionally, under the standard conditions developed for hydroboration, neither aryl or alkyl 
terminal alkynes were reactive (175s and 175t). 
 
 
Conditions: Olefin (1.00 equiv.) with pinacolborane (1.20 equiv.), with and M(BF4)2·6H20 (0.01 equiv.) and 
EtBIP (0.01 eq.) in THF (1 M), stirred at ambient temperature for 4 hours. Yields determined by 1H NMR 
spectroscopy using 1,3,5-trimethoxybenzene as an internal standard. 
Scheme 2.6 - Substrates unreactive to hydroboration 
2.5  Other Hydroboration Reactivity 
2.5.1 Reactivity with Other Cobalt Salts 
In the process of developing the alkene and alkyne hydroboration method detailed thus far 
(Table 2.9, Entry 1 and 2), it was found that other cobalt salts such as dichloride and 
acetylacetonate salts showed little activity but this was altered by changing the temperature. 
Using the cobalt dichloride salt, a small amount of reactivity was observed (Entry 3), although 
at elevated temperatures, even lower yield was observed (Entry 4). Using cobalt(III) 





of the isomerised alkene observed (Entry 5), which contrasts to Ge’s diboration methodology 
with Co(acac)2.142,143 At elevated temperature, the boronic ester was produced in quantitative 
yield (Entry 6).  
Table 2.4 - Observation of reactivity at elevated temperatures 
 
Entry Metal Salt Temperature (°C) % Yield 
1 Fe(BF4)2·6H2O rt >95 
2 Co(BF4)2·6H2O rt >95 
3 CoCl2 rt 6 
4 CoCl2 80 2 
5 Co(acac)3 rt 7a 
6 Co(acac)3 80 95 
Conditions: Olefin (1.00 equiv.) with pinacolborane (1.20 equiv.), with metal salt (0.01 eq.) and 
EtBIP (0.01 eq.) in THF (1 M), stirred at ambient temperature for 4 hours yields determined by 1H 
NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard; a) 50% isomerised 
alkene recovered. 
 
2.5.2 Isomerisation-Hydroboration Reactivity 
Although internal alkenes had been shown to be inactive to hydroboration (Scheme 2.6), the 
reactivity of internal alkenes which could undergo chain-walking to give the linear boronic 
esters was investigated. With 4-octene (174n), the iron tetrafluoroborate pre-catalyst gave no 
reactivity at room temperature, but 14% yield of the terminal boronic ester at 80 °C (Table 
2.10, Entries 1 and 2). Under cobalt catalysis, a small amount of the terminal boronic ester 
was observed, while at 80 °C, the terminal hydroboration product was synthesised in 






Table 2.10 – Isomerisation-hydroboration 
 
Entry Metal Salt Temperature (°C) % Yield 
1 Fe(BF4)2·6H2O rt 0 
2 Fe(BF4)2·6H2O 80 14a 
3 Co(BF4)2·6H2O rt 21a 
4 Co(BF4)2·6H2O 80 >95a 
5 Co(acac)3 80 80a 
Conditions: Olefin (1.00 equiv.) with pinacolborane (1.20 equiv.), with metal salt (0.01 eq.) and EtBIP 
(0.01 eq.) in THF (1 M), stirred at ambient temperature for 4 hours yields determined by 1H NMR 
spectroscopy using 1,3,5-trimethoxybenzene as an internal standard; a) The terminal alkyl boronic ester 
was exclusively formed  
 
Hydroboration of diphenylacetylene, an internal alkyne, at room temperature gave good yield, 
with a small amount of hydrogenation, using an iron catalyst (Scheme 2.5). Under cobalt 
catalysis, only semi-hydrogenation was observed. This reactivity was tested at elevated 
temperature. When 4-octyne (172o), which is capable of chain-walking, was used as substrate, 
only the internal alkenyl boronic ester (174o) was produced using an iron catalyst, with a small 
amount of hydrogenation (Scheme 2.7A). Using cobalt as a catalyst, a mixture of products was 
observed; a 12% yield of the internal alkenyl boronic ester (174o) was produced, along with 
small amounts of the formal hydrogenation product (172n) and the terminal alkene (172a), 






Scheme 2.7 - Isomerisation-hydroboration of alkynes 
 
2.5.3 Formal Hydrogenation 
With 3-methylstyrene (177), using the cobalt tetrafluoroborate salt in the absence of ligand, 
78% yield of the alkane product (178) of formal hydrogenation was observed. The exact 
mechanism of this process is unclear, but it is likely that it proceeds through a cobalt hydride 
intermediate (Scheme 2.8). 
 
Scheme 2.8 - Formal hydrogenation with ligand-free system 
 
2.5.4 Alkyne Hydroboration 
The hydroboration of terminal alkynes was ineffective under our conditions (Scheme 2.6). 
Using a bis(imino)pyridine ligand bearing N-cyclohexyl substituents to enable hydroboration 
was also explored (Scheme 2.9). These conditions were similar to those reported by Chirik for 
cobalt-catalysed (Z)-selective alkyne hydroboration,61 but utilised tetrafluoroborate as a pre-
catalyst rather than an isolated cobalt methyl complex. 
This was attempted using 1-octyne (175t) under both iron and cobalt catalysis. Although 
reactivity was not comparable to Chirik’s work, some reactivity was observed in an 
unoptimised system, as well as reactivity with iron, not reported by Chirik. Using iron, 18% 





(172a) In the case of cobalt, 39% yield of the alkenyl boronic ester (176t) was observed, with 
a Z:E ratio of 62:38, as well as 11% of the formal hydrogenation product. With a fully 
optimised system, it is possible that this could be used to develop a synthetically useful system 
for the hydroboration of terminal alkynes. 
 
Scheme 2.9 - Hydroboration of terminal alkynes 
 
2.6   Mechanistic Studies 
2.6.1 Proposed Activation Mechanism 
The determination of the mechanism and active catalyst for reactions catalysed by low 
oxidation-state iron and cobalt species is highly problematic even in the case of well-defined 
low oxidation-state species, where the isolated complex is likely an off-cycle intermediate or 
pre-catalyst rather than the active catalyst.43 Arguably, a complex which is sufficiently stable 
to be isolated is unlikely to be kinetically relevant to catalysis. Perhaps for this reason, few 
authors have even proposed a mechanism for low oxidation-state iron or cobalt-catalysed 
hydroboration and this was not the primary focus of this mechanistic study. It seemed likely 
that this reaction was catalysed by low oxidation-state iron or cobalt, and the primary aim was 
to determine how this activation method led to reduction in the absence of a harsh, pyrophoric 
reducing agent. 
The most obvious difference between our pre-catalyst and those previously reported is the use 
of a more weakly coordinating counterion (Figure 2.1). It may be assumed that reactivity 
results from a more reactive metal centre bearing labile ligands. Results obtained during the 
screening of metal salts showed the inactivity of other complexes bearing the weakly 
coordinating hexafluorophosphate (Table 2.3, Entry 9, Table 2.4, Entry 8) counterion (Table 
2.3, Entry 10, Table 2.4, Entry 9) towards hydroboration, suggesting that there are other 
features of tetrafluoroborate that allow tetrafluoroborate complexes to act as hydroboration 
catalysts without an external activator. 
The activation procedure developed by Thomas and co-workers that used sodium tert-butoxide 





the tert-butoxide to the silane or borane reagent.116 We postulated that a similar mechanism 
could occur here, with the tetrafluoroborate anion acting as a masked source of nucleophilic 
fluoride. 
Our proposed activation mechanism can be divided into three steps. Firstly, formation of a 
boronate complex by reaction of HBpin with fluoride dissociated from the tetrafluoroborate 
counterion (Scheme 2.10A). The in situ formed boronate complex (179) acts as a hydride 
reagent, transferring hydride to the ligated metal salt to give a metal dihydride complex (182, 
via 181) with pinacolatoboron fluoride (180) as a byproduct (Scheme 2.10). Whether by a 
binuclear or mononuclear process, reductive elimination of dihydrogen occurs to give a low 
oxidation-state iron or cobalt complex (183, Scheme 2.10C).  
 
Scheme 2.10 - Proposed activation mechanism 
The notion of tetrafluoroborate dissociating in solution to act as a source of nucleophilic 
fluoride is well established.144,145 An example of a similar mechanism in precious metal 
catalysis is the activation process in Szabo’s procedure for the formation of allylic silanes or 
boronates from allylic alcohols (Scheme 2.11).145 Use of a palladium tetrafluoroborate pre-
catalyst (184) with hexamethyldisilane (185) gave trimethylsilyl fluoride (186) and 
palladium(0) (187). The authors noted that this process occurs in the absence of any source of 
nucleophilic fluoride other than the counterion. They proposed formation of an ‘ate’ complex, 
followed by consecutive transmetallations of two SiMe3 groups onto palladium, giving a 
palladium silyl complex, and reductive elimination to give palladium(0), regenerating 
hexamethyldisilane (185). In spite of this work, such an activation process has never been 
applied in Earth-abundant metal catalysis, and the ease of reduction of palladium is much 
greater than iron or cobalt. An example of this is the more facile reduction of palladium(II) 






Scheme 2.11 - Tetrafluoroborate mediated reduction of palladium 
2.6.2. Activation by External Fluoride 
Initially, our efforts sought to probe the potential of addition of an external fluoride source or 
tetrafluoroborate itself to activate previously inactive pre-catalysts (Table 2.11). To this end, 
a range of complexes and activators were tested. In general, cobalt pre-catalysts were easier 
to activate than their iron counterparts. In the absence of an external activator, complexes 
bearing chloride counterions were inactive, with iron giving no reactivity and cobalt only 2% 
yield. Of the pre-catalysts screened, only the cobalt triflate pre-catalyst gave an appreciable 
yield, in this case 20%, which may be due to boronate formation by the triflate counterion. As 
expected from prior screening (Table 2.3, Entry 9), addition of nBu4NPF6 did not allow pre-
catalyst activation, presumably due to its inability to dissociate fluoride. In the case of cobalt 
triflate, addition of nBu4NPF6 even inhibited the reaction.  A number of fluoride sources were 
screened in an attempt to probe the role of fluoride in activation. Caesium fluoride was initially 
used with a bis(imino)pyridine iron dichloride pre-catalyst, but no activation was observed, 
and the caesium salt was insoluble, so it was not examined further. 
Due to the presence of water from the hydrate salt and potential nucleophilic fluoride, the 
possibility of HF formation in solution and activation by HF was considered. While some 
activation was observed with the cobalt complex (30% yield), in the case of iron no reactivity 
was observed, so it was concluded that HF did not play a significant role in the activation 
process. 
Due to the insolubility of CsF, tetrabutylammonium fluoride (TBAF) was used instead. A 
small amount of catalytic activity was observed for the dichloride and triflate pre-catalysts. 
For the tetraphenylborate pre-catalysts, no activity was observed. This suggests that, with 
tetrafluoroborate catalysts, reactivity is finely balanced between a lack of activation resulting 
from insufficient counterion dissociation and formation of an inactive metal fluoride complex. 
This is further supported by subsequent experiments of fluoride activation, where addition of 
the fluoride source before HBpin was added led to diminished yields. Using TBAF as an 
activator only gave a small yield of hydroboration product, and it was postulated that this was 
due to in situ formation of HF rather than free fluoride.  
For this reason, a non-hygroscopic fluoride source was chosen to initiate activation, in this 





substoichiometric TBAT, only a low yield was observed for iron-catalysed hydroboration with 
a bis(imino)pyridine iron dichloride pre-catalyst, while excellent yield was observed for the 
analogous cobalt pre-catalyst. The greater performance of cobalt pre-catalysts in this case is 
likely due to the energetics of metal halide bonds. Greater iron fluoride bond strength 
compared to cobalt fluoride bonds may drive preferential formation of inactive iron fluoride 
complex,139 while the lower cobalt fluoride bond strength may allow the desired boronate 
formation to occur instead. Alternatively, the higher yield observed using cobalt catalysis may 
also be attributed to the greater strength of iron-chloride bonds inhibiting activation. The 
second possibility is supported by experiments with tetraphenylborate complexes where 
activation of both iron and cobalt tetraphenylborate pre-catalysts gave good yields. 
The final test applied was the addition of tetrabutylammonium tetrafluoroborate (TBABF4). 
This led to trace amounts of the hydroboration product being formed under both iron and 
cobalt catalysis, but a good yield for the iron triflate pre-catalyst and quantitative yield using 
the cobalt triflate pre-catalyst. This suggests that while catalytic activity results from the 
presence of fluoride in the reaction mixture, having a ‘naked’ iron or cobalt centre resulting 
from a weakly coordinating counterion also plays a valuable role in facilitating activation, 






Table 2.5 – Activation Experiments 
 
Conditions: Olefin (1.00 equiv.) with pinacolborane (1.20 equiv.), with M(BF4)2·6H2O (0.01 eq.) and EtBIP 
(0.01 eq.) and additive (0.02 eq.) in THF (1 M), stirred at ambient temperature for 4 hours yields determined by 
1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard a) 27% alkene isomerisation 
 
2.6.3 NMR Studies and Investigation of the Role of Boronate Complex 
These results indicated that the presence of fluoride is key to activation. This, along with 
literature precedent for use of tetrafluoroborate as a source of nucleophilic fluoride,144 
underlines the feasibility of an activation process based on the dissociation of tetrafluoroborate 
to give free fluoride and boron trifluoride. The process was studied by in situ 11B and 19F NMR 
spectroscopy. Dissociation of tetrafluoroborate entails the formation of boron trifluoride, 
which was observed in the reaction mixture and implies the formation of nucleophilic boronate 
complex (179). The boronate complex itself was not detected. This is possibly due to its 
reactivity towards hydride transfer, meaning that it is only present in low concentrations 
throughout the reaction, whereas the proposed byproducts of activation – boron trifluoride and 
pinacolatoboron fluoride (180) should increase in concentration as boronate complex is 






Scheme 2.12 – Reaction intermediates 
In order to obtain data for FBPin (180) in the correct solvent, it was synthesised according to 
a literature procedure (Scheme 2.13).149 This was done in a two-step procedure, starting with 
synthesis of pinacol trimethylsilyl ester (189) from pinacol (188) in 43% yield. As a result of 
an inability to isolate FBPin (180), the reaction was subjected to NMR spectroscopy without 
further purification. The data obtained by NMR spectroscopy for the reaction of the 
tetrafluoroborate catalyst with HBPin showed that FBPin was formed in the reaction.  
 
Scheme 2.13 - Synthesis of FBPin 
Another possible activation mechanism is the disproportionation of pinacolborane to BH3 and 
pre-catalyst reduction by BH3 or even borane-catalysed hydroboration.  Disproportionation 
has been shown to occur in the presence of a nucleophile,150,151 but this process generally 
requires elevated temperatures and BH3 was never observed in any in situ NMR studies. 
Although it was not possible to observe boronate complex 179 in situ, independent synthesis 
allowed examination of its reactivity. Synthesis of the boronate complex proved trivial, and 
was accomplished by mixing pinacolborane and TBAT in THF (Scheme 2.14A). It is worth 
noting that the same reaction with TBAF as a fluoride source gave a complex mixture of 
products, while TBAT selectively gave the boronate complex at 4.9 ppm (11B NMR). This 
complex proved to be an effective activator for hydrosilylation of 1-octene, giving the alkyl 
silane product (173a) in 65% yield (Scheme 2.14B). In order to establish the possibility of 
boronate complex acting as a reductant for an Earth-abundant metal pre-catalyst, the boronate 
complex was added to a cobalt(II) bis(imino)pyridine dichloride pre-catalyst and gave 
reduction to a cobalt(I) species (171f), as reported by Budzelaar with other reductants (Scheme 
2.14C).136 Quenching of the boronate complex with [Ph3C][SbCl6] (190) as a source of trityl 





and FBpin (180) by a hydride transfer process (Scheme 2.14D). This underlines the potential 
for boronate complex formation in situ to facilitate pre-catalyst activation by transferring 
hydride to the iron or cobalt(II) complex. For iron, reductive elimination from an iron 
dihydride complex has been reported,39 while for cobalt, ourselves and other authors have 
suggested a reductive process generates cobalt(I).92,96,97,116,154  
 
Scheme 2.14 - A) Independent synthesis of boronate complex; B) Activation of pre-catalyst 
for hydrosilylation by boronate complex; C) Pre-catalyst reduction by boronate complex; D) 
Hydride donation to trityl 
Experiments on the addition of trityl to reaction mixtures were carried out to probe the hydride 
transfer process and thus unequivocally establish the relationship between the presence of 
boronate complex and catalyst activation. Addition of Ph3C+ to a reaction under standard 
hydroboration conditions showed quenching of catalytic activity with concomitant formation 
of triphenylmethine 191. When 2 or 4 mol% trityl was added at the beginning of the reaction 
(t=0), none of the boronic ester product (174a) was formed (Table 2.12, Entries 1 and 4). When 
trityl was added to the reaction after 2 minutes or 5 minutes, complete conversion to the 
boronic ester was observed after a 2 hour reaction time (Entries 2 and 3). Doubling the loading 
of trityl had no effect on the outcome with complete conversion observed when trityl was 
added at 2 minutes or at 5 minutes (Entries 5 and 6). Reaction inhibition, and the formation of 
triphenylmethine, implies quenching of boronate complex by hydride abstraction, although it 





intermediate. The possibility of trapping a metal hydride intermediate rather than the boronate 
complex is supported by the addition of trityl later in the reaction (Entries 2,3,5 and 6). 
Although the boronate complex has been consumed, it is likely that a metal hydride complex 
is still present in the reaction at full conversion and thus would explain the formation of 
triphenylmethine in the absence of boronate complex. 
Table 2.12 - Effect of trityl addition on reaction 
 
Entry x Time of addition, min % Yield 174a % Yield 191 
1 2 0 trace 2 
2 2 2 >95 2 
3 2 5 >95 2 
4 4 0 trace 4 
5 4 2 94 4 
6 4 5 >95 4 
Conditions: Olefin (1.00 equiv.) with pinacolborane (1.20 equiv.), with M(BF4)2·6H2O (0.01 eq.) and EtBIP 
(0.01 eq.) and trityl (0.02/0.04 eq.) in THF (1 M), stirred at ambient temperature for 4 hours yields determined 
by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard 
 
2.6.4 Effect of Hydride Trapping on Reactivity 
 
Addition of trityl to reaction mixtures in the hydroboration of 1-octene seemed to suggest that 
hydride trapping inhibits activation but does not inhibit catalysis after activation. The other 
possibility is that hydroboration occurs so rapidly that the reaction is complete after 2 minutes. 
To test this further, the same approach was applied with different substrates with the added 
goal of studying the effect of adding trityl over time. This necessitates use of a substrate that 
is sufficiently reactive to give good yield but reacts slowly enough that it can be observed over 
a useful timeframe. 
With 1-octene (172a), the reaction over 2 hours gave excellent yields of the hydroboration 
product (Table 2.13, Entry 1). The reaction was tested with addition of 0.2 mL of THF to 
confirm that this had no effect on reaction progress (Entry 2). Addition of trityl to the reaction 
as a solution in 0.2 mL THF (Conditions C) has little effect on the yield (Entry 3).  Use of 





addition of trityl after 2 minutes (Entries 4 and 5). Similar reactivity was observed with tert-
butylstyrene (172p, Entries 6 and 7), 4-vinylcyclohexene (172e, Entries 8 and 9) and 2,4,6-
trimethylstyrene (172j, Entries 10 and 11).  
Table 2.13 - Effect of trityl addition to hydroboration of various alkenes 
 
Entry Substrate Condition % Yield 
1 1-octene (172a) A 86 
2 1-octene (172a) B 85 
3 1-octene (172a) C 82 
4 Methyl-10-undecenoate (172g) A 94 
5 Methyl-10-undecenoate (172g) C 12 
6 4-t-Butylstyrene (172p) A 87 
7 4-t-Butylstyrene (172p) C 23a 
8 4-vinylcyclohexene (172e) A >95 
9 4-vinylcyclohexene (172e) C 45a 
10 2,4,6-trimethylstyrene (172j) A 88 
11 2,4,6-trimethylstyrene (172j) C 13a 
Conditions: A) Olefin (1.00 equiv.) with pinacolborane (1.20 equiv.), with M(BF4)2·6H2O (0.01 eq.) and 
EtBIP (0.01 eq.) and trityl (0.02/0.04 eq.) in THF (1 M), stirred at ambient temperature for 4 hours yields 
determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard; B) As A, but 0.2 
mL THF added after 2 min; C) As A, but 2 mol% [Ph3C+][SbCl6] in 0.2 mL THF added after 2 min .a) Ph3CH 
overlapped with peaks in substrate 
 
Experiments were carried out to determine the effect of trityl addition on the reaction at various 
times. A number a number of runs were carried out, where trityl was added to the reaction at 
a given time point and then allowed to react for the remainder of the two hour reaction time. 
These results were compared with separate runs where the reactions were quenched with H2O 
(Figure 2.2). Overall, similar results were obtained from quenching with H2O and quenching 
with substoichiometric amounts of trityl, except that quenching with trityl after 300s gave a 
yield of 80% compared to only 60% after quenching with H2O. The reason for the difference 
in rate observed is unclear, although it was observed over a number of runs. In spite of the 





addition of trityl to reaction and thus hydride trapping has a similar effect on reactivity to 
quenching the reaction by adding a large excess of H2O. 
 
 
Figure 2.2 – Study of reactivity quenching by trityl – Condition A (yellow) = % Yield after 
quenching reaction with H2O at time t, Coniditon B = % yield after addition of trityl at time t 
and left for the remainder of 2 hour reaction time  
To further establish the role of hydride trapping by trityl, varying loadings of trityl were added 
to a series of different runs after 100s (Figure 2.3). The yield of the reaction was determined 
by 1H NMR spectroscopy at various time points over the course of 15 minutes. Irrespective of 
the amount of trityl added, inhibition of the reaction was observed, as well as reversal of the 
reaction. This may suggest that product decomposition occurs either by reversibility of product 
formation or decomposition of the product by trityl. Reaction of octylboronic ester with trityl 
hexachloroantimonate did not lead to decomposition of the boronic ester product, suggesting 




























Figure 2.3 –Effect of adding various loadings of trityl after 100s 
Finally, the deuteroboration of 1-octene (172a) was carried out in the presence of trityl 
hexachloroantimonate. This gave none of the deuteroboration product, but rather it gave d1-
triphenylmethine (d1-191). This showed that the hydride used in activation comes from the 
hydroboration or hydrosilylation reagent (Scheme 2.15).   
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2.6.5 Proposed Hydroboration Mechanism 
The mechanism for the hydroboration reaction itself may be similar to those previously 
reported in other iron or cobalt-catalysed hydroboration reactions,82,83,92 and may be 
considered as a boron equivalent of the Chalk–Harrod mechanism for hydrosilylation.155 
Activation occurs as proposed above, followed by oxidative addition of HBpin to the low 
oxidation-state iron or cobalt intermediate (192, Scheme 2.16). Coordination of the alkene 
substrate (193) is followed by hydrometallation (194) and reductive elimination of the boronic 
ester product (174). The proposed occurrence of hydrometallation instead of borometallation 
is supported by the isomerisation-hydroboration results above (Table 2.10), which imply 
hydrometallation followed by chain walking. The results obtained by the trapping of hydride 
with trityl also suggest that a metal hydride complex is the key intermediate. 
 











2.7  Application to Other Reactions 
2.7.1 Other Endogenous Activation Reactions 
The tetrafluoroborate activation method showed high levels of activity for hydroboration and 
this was also observed for other reactions. One such example is the hydrosilylation of alkenes 
and alkynes, where the silane reagent plays a similar role to pinacolborane in the hydroboration 
reaction, i.e. activating the catalyst as well as being used in the transformation. Another 
example is the reduction of nitro-groups, where the pre-catalyst is reduced without an external 
activator. 
2.7.1.1 Hydrosilylation 
Using the tetrafluoroborate catalyst activation method, a robust procedure for the 
hydrosilylation of alkenes and alkynes has also been developed. Silane reagents are known to 
form nucleophilic ‘ate’ complexes on reaction with alkoxides116 and fluoride.156,157 It was 
therefore thought that the activation of iron and cobalt tetrafluoroborate pre-catalysts could 
occur through a similar mechanism to that observed for hydroboration (Table 2.1). It has been 
shown that silane reagents, in the presence of a fluoride source react to give a hydridic silicon 
‘ate’ complex which can act as a hydride reagent.156,157 Reaction of phenylsilane with 
tetrabutylammonium tetrafluoroborate (TBABF4) in the presence of 4-fluorobenzaldehyde led 
to reduction to the primary alcohol in excellent yield (Scheme 2.17). This underlines the 
potential of fluoride dissociation from tetrafluoroborate to give a hydridic silicon ‘ate’ 
complex which would be used in catalyst activation. 
 
Scheme 2.17 - Aldehyde reduction by silicon 'ate' complex 
Using tetrafluoroborate precatalysts with silane reagents was shown to effect the 
hydrosilylation of a range of alkenes and alkynes with both iron and cobalt catalysts. Under 
iron catalysis, high levels of selectivity for the linear (anti-Markovnikov) regioisomer were 
observed (Scheme 2.18). The procedure proved effective for alkyl alkenes such as 1-octene 
(173a), tert-butyl styrene (173b) and 4-phenyl-1-butene (173c). Hydrosilylation of alkenes 
bearing more polar functionality was also possible, with good yield observed for 4-methoxy 
styrene (173d) and methyl-10-undecenoate (173e). Good yield and regioselectivity was also 





with 1-octyne, favouring the (Z)-diastereoisomer of the alkenyl silane (173g). Hydrosilylation 
of 4-octyne, an internal alkyne was observed in moderate yield (173h). Hydrosilylation was 
also effective with 1,1-disubstituted alkenes (173i-k) and norbornene (173l). Other silanes 
were tested, and the reaction gave good yield with hexylsilane (173m), phenylmethylsilane 
(173n) and triethoxysilane (173o), which was also used for the hydrosilylation of an allyl 
silane (173p). 
Under iron catalysis, and using a primary silane, it was found that addition of a further 
equivalent of alkene after hydrosilylation allowed a second hydrosilylation to occur, giving 
tertiary silanes (173q and 173r). 
 
Conditions: Olefin (1.00 equiv.) with silane reagent (1.10 equiv.), with metal salt (0.02 eq.) and EtBIP (0.02 
eq.) in THF (1 M), stirred at ambient temperature for 4 hours yields determined by 1H NMR spectroscopy using 
1,3,5-trimethoxybenzene as an internal standard; a) Only the regioisomer shown was observed 
Scheme 2.18† – Iron-catalysed hydrosilylation 
Hydrosilylation using a cobalt catalyst gave divergent regioselectivity, giving the branched 
(Markovnikov) regioisomer preferentially (Scheme 2.19). Again, this procedure was tolerant 
of alkyl and aryl alkenes (173aa-ac) as well as styrene derivatives containing electron-
donating groups (173ad) and methyl-10-undecenoate (173ae). 4-Trifluoromethyl-4-phenyl-1-
                                                          





butene also gave good yield (173af). Hydrosilylation of terminal (173ag) and internal (173ah) 
alkynes was also successful, but in this case the reaction gave the (E)-isomer preferentially. 
As observed with hydroboration, cobalt performed hydrosilylation more effectively on 
substrates containing polar functional groups such as ketones (173ai), epoxides (173aj) and 
amides (173ak). Markovnikov selective hydrosilylation of an allylsilane was also observed 
(173al). Contrary to the reactivity observed for hydroboration, 1,4-hydrosilylation of myrcene 
was observed (173am). Hydrosilylation using other reagents such as hexylsilane (173an) and 
phenylmethylsilane (173ao) proceeded in good yield. 
 
Conditions: Olefin (1.00 equiv.) with silane reagent (1.10 equiv.), with metal salt (0.01 eq.) and EtBIP (0.01 
eq.) in THF (1 M), stirred at ambient temperature for 1 hour  yields determined by 1H NMR spectroscopy using 
1,3,5-trimethoxybenzene as an internal standard; a) Only the regioisomer shown was observed 
Scheme 2.19* – Cobalt-catalysed hydrosilylation 
The regiodivergence observed for iron and cobalt-catalysed hydrosilylation is yet to be fully 
explored.100 One possible explanation is a difference in mechanism. The iron-catalysed 
reaction may proceed through a Chalk–Harrod mechanism, i.e. oxidative addition of silane 
(197) followed by hydrometallation to place the complex at the least hindered, terminal, 
position of the organometallic intermediate (198, Scheme 2.20A) followed by reductive 
elimination of the alkyl silane product. This would explain the terminal selectivity observed. 
The cobalt-catalysed procedure may follow a modified Chalk–Harrod mechanism, where 
                                                          





oxidative addition is followed by silylmetallation instead, again placing the cobalt species in 
the terminal position (199). One observation which may support this proposal is the erosion in 
regioselectivity observed with aryl alkene substrates (173ab and 173ad). An organocobalt 
intermediate with cobalt in the benzylic position (200) is more stabilised than an intermediate 
with cobalt in the terminal position (201), causing the system to exhibit lower selectivity for 
the branched product (Scheme 2.20B).    An alternative possibility is oxidative addition by a 
one-electron process with cobalt catalysis. A report by Budzelaar highlighted the feasibility of 
a bimolecular oxidative addition process, where an aryl halide reacted with a low oxidation-
state cobalt species to give a cobalt chloride complex and a cobalt aryl complex. A similar 
mechanism here may account for the difference in regioselectivity between iron and cobalt 
catalysts.158 
 
Scheme 2.20 –A) Rationale for regiodivergence; B) Rationale for erosion of selectivity for 
arylalkenes 
2.7.1.2 Hydroboration and Hydrosilylation on a Multigram Scale 
Hydroboration and hydrosilylation had thus far only been used to synthesise organoboronic 
ester or organosilane products on a small scale (Up to 1.5 mmol). We also wanted to 
demonstrate the potential to synthesise these products on a larger scale (Scheme 2.21). 
Hydroboration of 1-octene (172a) was carried out on a multigram scale to give 3.5 g of isolate 
boronic ester product (174a), with a turnover number of 2800 and a turnover frequency of 
1000 h-1.  Hydrosilylation of 1-octene was also tested, and gave the Markovnikov product 
(173aa) with 97:3 branched to linear selectivity. Using 0.016 mol% of pre-catalyst gave 95% 






Scheme 2.21 – Gram-scale hydrofunctionalisation 
2.7.1.3 Nitro-group Reduction 
Nitro-group reduction is a useful method for the synthesis of aromatic amines. A number of 
methods to achieve this transformation have been developed,159-163 for example Thomas and 
co-workers reported the reduction of aromatic nitro compounds with 20 equivalents of sodium 
borohydride using iron(III) triflate as catalyst.164 The authors proposed a radical mechanism 
and excluded the possibility of Lewis acid catalysis. This method showed tolerance for a range 
of aromatic substituents, but one limitation was the lack of tolerance for heteroaromatic 
moieties. For example, in our hands, reduction of nitrobenzene (203a) gave good yield (Table 
2.14, Entry 1), but diminished yields were observed for 2- and 3-nitropyridine (203b and 203c, 
Entries 2 and 3). Using tetrafluoroborate salts instead lead to increased yields. The reduction 
of 2-nitropyridine (203b, Entry 4) with the iron salt gave good yield, while moderate yields of 
the amine products of reduction of 2- and 3-nitropyridine (203b and 203c) were obtained under 
cobalt catalysis (Entries 5 and 6). The procedure was also applicable to other heteroaromatic 
compounds, such as 5-nitroindole (203d, Entry 7) and 5-nitroindazole (203e, Entry 8). In light 
of other results using tetrafluoroborate complexes, it is possible that there key catalytic 







Table 2.14 – Nitro group reductions 
 
Entry Catalyst Substrate Yield 
1 Fe(OTf)3 Nitrobenzene (203a) 99% 
2 Fe(OTf)3 2-Nitropyridine (203b) 35% 
3 Fe(OTf)3 3-Nitropyridine (203c) 4% 
4 Fe(BF4)2·H2O 2-Nitropyridine (203b) 62% 
5 Co(BF4)2·H2O 2-Nitropyridine (203b) 45% 
6 Co(BF4)2·H2O 3-Nitropyridine (203c) 20% 
7 Co(BF4)2·H2O 5-Nitroindole (203d) 90% 
8 Co(BF4)2·H2O 5-Nitroindazole (203e) 45% 
Conditions: Nitroarene (1.00 equiv.) with sodium borohydride (20 equiv.), with metal salt (0.1 equiv.) EtOH 
(0.125 M), stirred at ambient temperature overnight, yields determined by 1H NMR spectroscopy using 1,3,5-
trimethoxybenzene as an internal standard 
An example of the scope of this reduction is the reduction of 5-nitroindole, where 
application of our standard conditions over just an hour gave excellent yield. Lowering the 
catalyst loading to 5 or even 2 mol% still gave good yield of 5-aminoindole (Scheme 2.22A). 
While sodium borohydride is a readily available and inexpensive reagent, large excesses were 
required for good reactivity. Furthermore, sodium borohydride is relatively easy to handle in 
air, but this reaction does not follow the same reduction mechanism shown above. The same 
activation method can be replicated using HBpin as a reductant instead. Using cobalt 
tetrafluoroborate with HBpin was shown to give formal hydrogenation of alkenes (Scheme 
2.8), so this was explored as a reducing agent for nitro reduction. The reaction was carried out 
in THF, in which NaBH4 is insoluble, which may be useful for organic substrate solubility. 







Scheme 2.22 - A) Effect of catalyst loading on nitro reduction‡; B) Use of HBpin as 
reductant 
2.7.2 Exogenous Activation with Tetrafluoroborate Complexes 
The procedures developed for hydroboration or hydrosilylation showed levels of operational 
simplicity greater than previously reported methods. Reaction of HBpin or PhSiH3 with the 
tetrafluoroborate pre-catalyst has been shown to lead to the synthesis of a low oxidation-state 
species. As reviewed earlier, low oxidation-state complexes of iron and cobalt have been used 
as catalysts for many transformations. It was thought that addition of substoichiometric HBpin 
or PHSiH3 could allow ‘ate’ complex generation and thus reduction of the pre-catalyst. This 
would, in theory, allow a generic route to low oxidation-state earth abundant metal catalysis.  
2.7.2.1 Hydrogenation* 
An attempt to apply this activation to known methodology was use of substoichiometric 
phenylsilane with cobalt tetrafluoroborate and a bis(imino)pyridine ligand with N-mesityl 
substituents (MesBIP) to generate an active catalyst for alkene hydrogenation. This 
methodology was applied to terminal alkenes (205a), 1,1-disubstituted alkenes (205b and 
205c), 1,2-disubstituted alkenes (205d) and an allylsilane (205e, Scheme 2.23).  
 
Conditions: Olefin (1.00 equiv.) with silane reagent (0.05 equiv.), metal salt (0.005 equiv.) and EtBIP 
(0.005 equiv.) in THF (1 M), stirred at ambient temperature for 16 hours under a hydrogen atmosphere (20 
                                                          
‡ Results obtained by J. Newman 





bar); yields determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard; a) 
7 hour reaction time; b) 1 mol% catalyst loading 
Scheme 2.23 - Cobalt-catalysed hydrogenation 
2.7.2.2 [2+2]-Cycloaddition 
[2+2]-cycloaddition reactions mediated by low oxidation-state iron and cobalt species have 
been developed by Chirik and coworkers.48,49,165 In this case, a low oxidation-state iron or 
cobalt complex can insert into both olefins. The most likely mechanism is oxidative addition 
into the diene to give a [3.3.0] metallacycle and subsequent reductive elimantion leading to 
the formation of a [3.2.0] bicyclic system.  
As we had developed a method for synthesising low-oxidation state complexes in situ without 
synthesis of an unstable pre-catalyst or addition of pyrophoric reagents, we sought to generate 
the low oxidation-state catalyst for this reaction by addition of a substoichiometric amount of 
pinacolborane or phenylsilane. 
Initial reactivity was low – our initial result was a modest yield of the cyclobutane (206) 
derived from the [2+2]-cycloaddition of N,N-diallylbenzylamine (175g), Table 2.15, Entry 1). 
Next, the iso-propyl bis(imino)pyridine ligand (iPrBIP) was tested, as Chirik’s work had 
suggested that a more bulky ligand assisted in reductive elimination.49 Under these conditions, 
no reactivity was observed with the more bulky ligand. Perhaps, in this case, the more 
encumbered ligand impedes insertion into the olefin, thus preventing reaction (Entry 2). 
Testing of HBpin as activator with 5 mol% catalyst loading gave 14% yield, but with a 
significant amount of side products observed (Entry 3). Using PhSiH3 as an activator, but with 
a higher catalyst loading gave a slightly improved yield (Entry 3). Different solvents were 
tested, with neat conditions, THF and toluene all giving similar yields (Entries 4-6). Reaction 
at 60 °C, with both phenylsilane and triethylsilane as activators did not have a significant effect 
on reactivity (Entries 7-10). Increasing temperature to 80 °C gave 59% yield of the desired 
product (Entry 11). At lower catalyst loading, a substantial decrease in yield was observed 
(Entry 12). Other silane activators – diethylsilane and triethoxysilane were examined to test 
whether activation was limiting the yield, but little or no reactivity was observed (Entries 12-
17). Of the conditions screened, the most effective was a catalyst loading of 10 mol% with 
substoichiometric phenylsilane as an activator without solvent. This gave the [3.2.0] bicyclic 





Table 2.15 - [2+2]-Cycloaddition Optimisation 
 
Entry Temperature (°C) Loading (mol%) Activator Solvent % Yield 
1 50 2 PhSiH3 - 4 
2 50 2a PhSiH3 - 0 
3 50 5 HBpin - 14 
4 50 10 PhSiH3 - 16 
5 50 10 PhSiH3 THF 9 
6 50 10 PhSiH3 PhMe 14 
7 60 10 PhSiH3 - 13 
8 60 10 PhSiH3 THF 9 
9 60 10 Et2SiH2 - 4 
10 60 10 Et2SiH2 THF 5 
11 80 10 PhSiH3 - 59 
12 80 5 PhSiH3 - 24 
13 80 10 PhSiH3 THF 11 
14 80 10 Et2SiH2 - 0 
15 80 10 Et2SiH2 THF 5 
16 80 10 (EtO)3SiH - 0 
17 80 10 (EtO)3SiH THF 2 
Conditions: 1,5-Diene (1.00 equiv.) with silane reagent (0.05 equiv.), pre-catalyst (X equiv.) and activator (2X 
equiv.), stirring at temperature for 24 hours; yields determined by 1H NMR spectroscopy using 1,3,5-
trimethoxybenzene as an internal standard; a) Using iPrBIPCo(BF4)2·6H2O  
 
 
2.7.2.3 C–H Borylation 
C–H Borylation is potentially a very useful reaction for the formation of boronic esters, which 
are used as reagents for Suzuki–Miyaura cross-coupling. These are conventionally synthesised 
by borylation reactions of an aryl halide precursor,22,166–168 thus the potential to synthesise these 





protocols have been reported,169–171 along with a number of methods using iron and cobalt 
catalysis. 123,124,172–177 
One example is a method developed by Chirik using a cobalt terpyridine complex.125 We 
investigated whether this procedure could be applied to our activation system using a 
terpyridine cobalt tetrafluoroborate pre-catalyst (171g) without significant optimisation (Table 
2.16). 
It was observed that an external activator was required for reaction to occur, and that 
phenylsilane gave good activity for the C–H activation of toluene with a similar overall yield 
to that reported by Chirik and co-workers (Entry 1-3). The reaction gave a mixture of meta 
and para substituted boronic ester products. The substitution on the para position was 
favoured, possibly due to decreased steric hindrance. Under these conditions, lithium 
methoxide was used to activate the B2pin2. Given that alkoxides have been reported to act as 
in situ activators, a control reaction using the chloride pre-catalyst was performed to determine 
whether activation took place as a result of silicon ‘ate’ complex formation by lithium 
methoxide or as a result of dissociation of tetrafluoroborate. Very low yield was observed 
without the use of a tetrafluoroborate complex. Under these conditions, the meta product was 
preferred (Entries 4-6). 
Using benzene as substrate, low yield of the product was observed (Entry 7), while benzofuran 
did not give any conversion (Entry 8). Use of 2-methylfuran as substrate led to good yield of 
the boronic ester product, comparable to the results obtained by Chirik and co-workers (Entry 
9). Replacement of B2pin2 and LiOMe with (EtO)3SiH to attempt C–H silylation was 
unsuccessful (Entry 10), as was C–H borylation catalysed by an iron terpyridine catalyst 
(Entry 11). 
While extensive screening of substrates or optimisation of conditions was beyond the scope 
of this work, the development of C–H borylation catalysed by a cobalt tetrafluoroborate 
complex demonstrates that this activation method is applicable to other reactions and can give 
good reactivity in some cases. What would further this is the development of a versatile and 





Table 2.16 - C–H Borylation 
 
Entry Arene X Activator Yield m:p 
1 PhMe (207a) BF4 PhSiH3 64% 30:70 
2 207a BF4 HBPin - - 
3 207a BF4 - - - 
4 207a Cl PhSiH3 2% 65:35 
5 207a Cl HBPin - - 
6 207a Cl - - - 
7 Benzene (207b) BF4 PhSiH3 10% - 
8 Benzofuran (168) BF4 PhSiH3 - - 
9 2-Methylfuran (207c) BF4 PhSiH3 70% - 
10a 207a BF4 (EtO)3SiH 0% - 
11b 207c BF4 PhSiH3 0% - 
Conditions: Arene (15.0 equiv.) with LiOMe (1 equiv.), B2pin2 (1 equiv.), pre-catalyst (0.1 equiv.) and activator 
(0.2 equiv.), stirring at 80 °C for 24 hours; yields determined by 1H NMR spectroscopy using 1,3,5-
trimethoxybenzene as an internal standard; a) Using iPrBIPCo(BF4)2·6H2O; aNoB2pin2 bUsing [4(4-
NMePh)TerpyFe(BF4)2] complex 
2.7.2.4 Hydroalkenylation 
The 1,4-hydroalkenylation reaction of 1,3-dienes (209) with olefins (210) to give 1,4 dienes 
(211) reported by Ritter was another target in efforts to apply our activation methodology to 
an array of reactions which have previously been developed using iron or cobalt pre-catalysts. 
Application of Ritter’s methodology using ligand 212 was expected to give addition of styrene 
to a 1,3-diene substrate with 1,4-selectivity.110,111 Using this method, however, with Ritter’s 
conditions, did not give any reaction (Scheme 2.24). One challenge encountered was a lack of 
solubility of the hydrate salts in Et2O. The reaction was screened under both iron and cobalt 
catalysis at catalyst loadings of 2, 5 and 10 mol%. Both HBpin and PhSiH3 were trialled as 
activators, insertion into both myrcene (172d) and 2,3-dimethylbutene (209a) was tested. 
Reaction was also trialled at elevated temperatures in an attempt to try to improve pre-catalyst 





of the reactions were tested by forming the pre-catalyst in situ, using isolated tetrafluoroborate 
complexes as pre-catalysts was also attempted but gave no improvement in yield.   
Despite extensive screening, no reactivity was observed. The failure to give an active system 
for 1,4-hydroalkenylation highlights the importance of screening with this pre-catalyst system 
to give optimised conditions for existing and new transformations. 
 
Scheme 2.24 - Hydrovinylation screening 
2.7.2.5 C–C Activation 
A new versatile and operationally simple method for activation was developed, and had been 
applied to a number of reactions that use a low oxidation-state iron or cobalt catalyst. To truly 
show the value of this new activation method it would need to display catalytic activity in 
reactions which so far lack precedent when using an iron or cobalt catalyst. C–C activation 
reactions were considered as a possibility. A number of procedures using precious metal 
catalysts have been developed.178,179 If C–C activation reactions were well established and 
reliable, using readily available reagents and catalysts, it has the potential to be a new 
disconnection which could be used in the synthesis of complex molecules. 
Most methods established have used substrates with strained rings, such as cyclobutane or 
cyclopropane, or activation next to carbonyls. One example of this is work by Liebeskind,180,181  
which showed the ability of low oxidation-state cobalt, iron, manganese, rhodium, nickel and 
palladium carbonyl,  triphenylphosphinyl or cyclooctadienyl complexes to effect insertion of 
an alkynyl unit (215) into a cyclobutanedione moiety (213) to give a quinone (216 Scheme 







Scheme 2.25 - C–C activation of cyclobutanediones 
Key to making these reactions reliable and widely applicable is the development of methods 
which use Earth-abundant metals and common functional groups to minimize pre-
functionalisation of substrates. One example of such a procedure is an iron-catalysed method 
using an iron(II) half-sandwich complex (217) as pre-catalyst.182–185 Photochemical activation 
was needed for the removal of a carbonyl ligand and reaction of the iron alkyl pre-catalyst 
with triethylsilane allowed reaction initiation. Reaction of organonitrile compounds (218) in 
the presence of a silane reagent gave alkanes (219) and a cyanosilane byproduct (Scheme 2.26). 
The reaction uses an iron alkyl complex, which suggests the potential for C–C activation using 
our activation method but also suggests potential for improvement, as does the requirement 
for photochemical activation. 
 
Scheme 2.26 – Iron-catalysed C–CN activation 
A number of examples of C–C activation with nickel catalysts have been reported. Similar to 
the work with iron, Hiyama has reported nickel catalysed C–C activation of benzonitriles 
(218a) and insertion into alkynes (172o), giving overall carbocyanation to form a 
tetrasubstituted alkene (220a),186 and an intramolecular variant with a tethered alkyne was also 
developed.186 This reaction was initially reported using trimethylphosphine ligated nickel(0) 
cyclooctadiene (COD) as catalyst, but the reaction can also be carried out using a nickel(II) 
pre-catalyst with DIBAL-H as an activator (Scheme 2.27).186  
 





The potential for this reactivity to be applied to cobalt has precedent in work by Klein,188 which 
demonstrated oxidative addition of cobalt tetrakis(trimethylphosphine) into a C–C bond in 
2,6-difluorobenzonitrile (218b). This gave a tris(trimethylphosphinyl) cobalt(II) aryl cyano 
complex (221). This reactivity was not applied further, but suggests the possibility of using 
cobalt(0) for carbon-carbon bond activation (Scheme 2.28). 
 
Scheme 2.23 - C–CN insertion of cobalt 
Given the simplicity of the substrates, potential for in situ activation and under-explored 
precedent for C–CN insertion by low oxidation-state cobalt, Hiyama’s procedure was selected 
as a starting point to establish reactivity using this activation system. 
A variety of catalysts were used, including Ni(COD)2 itself and nickel, iron and cobalt(II) pre-
catalysts. Tetrafluoroborate and external fluoride activation, as well as the mechanistically 
related tert-butoxide activation method116 were used. 
As reported by Hiyama, carbocyanation of 4-octyne (172o) with 4-fluorobenzonitrile (218a) 
using nickel(0) as pre-catalyst, giving 76% yield in our hands (Table 2.17, Entry 1). Using 
substoichiometric phenylsilane and tert-butoxide for in situ pre-catalyst reduction gave 80% 
yield of the tetrasubstituted alkene (220a, Entry 2). Similar results were obtained using 
external fluoride source TBAT (Entry 3). Attempts to use cobalt as catalyst gave no yield with 
the tert-butoxide method (Entry 4) and only trace amounts of product with TBAT (Entry 5). 
Using the nickel and cobalt tetrafluoroborate salts as pre-catalysts gave no yield, but solubility 
in toluene was very limited and it was thought that this may prevent activation (Entry 6 and 
7). For this reason, a small amount of THF was added prior to addition of toluene to improve 
the solubility of the tetrafluoroborate salts in the reaction mixture and thus aid complex 
formation and activation, but no improvement in reactivity was observed under these 





Table 2.6 – Testing different activation systems for C–CN activation 
 
Entry Catalyst Activator Conversion 
1 Ni(COD)2 - 76% 
2 NiCl2•glyme NaO
tBu + PhSiH3 80% 
3 NiCl2•glyme TBAT + PhSiH3 74% 
4 CoCl2 NaO
tBu + PhSiH3 0 
5 CoCl2 TBAT + PhSiH3 Trace 
6 Ni(BF4)2•6H2O PhSiH3 0 
7 Co(BF4)2•6H2O PhSiH3 0 
8 Ni(BF4)2•6H2Oa PhSiH3 0 
9 Co(BF4)2•6H2Oa PhSiH3 0 
Conditions: Metal salt (0.1 equiv.), PMe3 (0.2 equiv.), Activator (0.2 equiv.), 4-fluorobenzonitrile (1.0 
equiv.), 4-octyne (2.0 equiv.), in PhMe (0.1 M), stirring at 100 °C for 44 hours; yields determined by 1H NMR 
spectroscopy using 1,3,5-trimethoxybenzene as an internal standard; a) 0.1 mL THF added 
 
It was hoped that improved solubility and reactivity would be attainable by synthesising a low 
oxidation-state cobalt catalyst and attempting its use in reaction. To this end, cobalt 
tetrafluoroborate was reacted with trimethylphosphine and phenylsilane to give a reduced 
species. Unfortunately it was not possible to isolate a low oxidation-state cobalt species in this 
manner and thereby aid optimisation of its reactivity (Scheme 2.29). 
 
Scheme 2.29 - Attempted isolation of reduced cobalt phosphine species 
Carbocyanation using trimethylphosphine cobalt complexes seemed problematic, so the 
reaction was instead attempted using bis(triphenylphosphinyl) cobalt(II) dichloride (Table 
2.18). This complex is commercially available, and uses the air stable triphenylphosphine 
ligand. Interestingly, the reaction gave a different product to that observed with nickel 
trimethylphosphine complexes. A small yield of hydrometallation was observed (Entry 1). The 





while methyllithium and sodium triethylborohydride gave only a complex mixture of products 
(Entries 2 and 3). This suggested the possibility that having a less reactive source of hydride 
was beneficial to the activation process. Moreover phenylsilane may be essential for catalytic 
turnover as a stoichiometric hydride reagent for the hydroarylation reaction. In the absence of 
an activator, no yield was observed (Entry 4). Use of tris(triphenylphosphinyl)cobalt(I) 
chloride, even in the presence of activator gave low yield which may be due to its instability 
or suggest a cobalt(I) species is not catalytically relevant (Entry 5). Other silane and borane 
reagents were also tested (Entry 6-11). Pinacolborane gave a slightly improved yield, while 
other silane activators gave less activity than phenylsilane (Entries 6-10). In the presence of 
stoichiometric HBpin, only reduction of the nitrile group was observed (Entry 11). 
Table 2.7 - Screening of reactivity with (PPh3)2CoCl2 
 
Entry Catalyst Activator % Yield 
1 (Ph3P)2CoCl2 NaO
tBu + PhSiH3 30 
2 (PPh3)2CoCl2 MeLi 0 
3 (PPh3)2CoCl2 NaBHEt3 0  
4 (PPh3)2CoCl2 - 0 
5 (PPh3)3CoCl NaO
tBu + PhSiH3 7 
6 (Ph3P)2CoCl2 NaO
tBu + HBpin 32 
7 (Ph3P)2CoCl2 NaO
tBu + PhMe2SiH 11 
8 (Ph3P)2CoCl2 NaO
tBu + MDM 0 
9 (Ph3P)2CoCl2 NaO
tBu + Et2SiH2 7 
10 (Ph3P)2CoCl2 NaO
tBu + (EtO)3SiH 0 
11 (Ph3P)2CoCl2 NaO
tBu + HBpin (100 mol%) Nitrile reduction 
Conditions: Metal salt (0.2 equiv.), Activator (0.4 equiv.), 4-fluorobenzonitrile (1.0 equiv.), 4-octyne (2.0 
equiv.), in PhMe (0.1 M), stirring at 100 °C for 44 hours; yields determined by 1H NMR spectroscopy using 
1,3,5-trimethoxybenzene as an internal standard; a) 0.1 mL THF added 
 
The hydroarylation reaction with cobalt did not seem appropriate for further study due to the 
inherent limitation of requiring stoichiometric hydride to allow catalytic turnover and form the 





present, this lead to preferential nitrile reduction and thus the cobalt-catalysed process was 
unfeasible.  
Another carbon-carbon bond activation reaction developed using a nickel(0) pre-catalyst is a 
Suzuki–Miyaura cross-coupling reaction reported by Rueping and coworkers,189 where the 
electrophile is generated by C–C activation of an ester (Scheme 2.30). A trialkylborane was 
used as coupling reagent, with an additional nucleophile to form a nucleophilic boronate 
complex. We examined the possibility of using an in situ formed boronate reagent based on 
the more stable pinacol boronic ester rather than a trialkylborane.  
 
Scheme 2.30 - C–C Activation by Reuping 
Using Ni(COD)2 and dicyclohexylphosphinylethane (dcype) with a boronate formed in situ by 
reaction of n-butyllithium and phenyl pinacol boronic ester, moderate conversion to 4-
fluorobiphenyl (225) was observed (Table 2.19, Entry 1). Interestingly, using dicobalt 
octacarbonyl as a source of cobalt(0) gave a slightly higher conversion of 46% (Entry 2), while 
in situ activation of cobalt tetrafluoroborate gave modest conversion (Entry 3). Instead of 
forming the boronate reagent in situ, isolated boronate complex (226) was used, and using 
cobalt tetrafluoroborate with phenylsilane as an activator, good conversion was observed 
(Entry 5). Organometallic reagents, including organolithiums, have previously been employed 
as reductants of iron and cobalt complexes,17,105 and thus the question arose as to whether the 
activation method based on tetrafluoroborate dissociation was relevant to reactivity or whether 
the reaction was initiated by the organometallic reagent. Using a trialkoxyboronate reagent 
(227) gave no conversion in nickel and iron-catalysed systems, but a low yield under cobalt 
catalysis, with in situ activation of cobalt tetrafluoroborate (Entries 6-8). This represents the 
first reported C–C activation/Suzuki–Miyaura cross-coupling sequence using cobalt and is 
possible in the absence of an organometallic reagent. It is unclear whether the low yield 
obtained results from the lack of an organometallic reagent to activate the catalyst or from 
inferior transmetallation reactivity of the trialkoxyboronate reagent but it is important to note 
that some activation certainly took place. 
In the absence of detailed mechanistic studies, there is a lack of clarity overall about the 





activation reactions reported are β-carbon elimination and oxidative addition into the C–C 
bond.178,179,190-193 As yet, and to the best of our knowledge, β-carbon elimination from esters is 
unknown, and given the polarized nature of the C–C bond and importance of oxidation state 
to reactivity (Entry 2 vs. 3), it seems that the most likely mechanism is oxidative addition. 
While these results clearly require further optimisation, they underline the possibility of 
performing cobalt-catalysed Suzuki–Miyaura cross-coupling without an organometallic 
reagent, activating in the process a conventionally challenging C–C bond. As demonstrated by 
these results, a limitation in base metal-catalysed Suzuki–Miyaura cross-coupling reactions is 
transmetallation of the boron reagent, and strategies for the development of novel methods to 
accomplish this is a fruitful area of research, as would be examination of reactivity with the 
more established organotrifluoroborate and sodium tetraphenylborate reagents. 
Table 2.8 - Suzuki–Miyaura cross-coupling with a C–C electrophile 
 
Entry Catalyst Activator Boronate Reagent Conversion 
1 Ni(COD)2 - 
 
38% 
2 Co2(CO)8 - 46% 
3 Co(BF4)2·6H2O PhSiH3 17% 
4 Ni(COD)2 - 
 
0 
5 Co(BF4)2·6H2O PhSiH3 50% 
6 Ni(COD)2 - 
 
0% 
7 Co(BF4)2·6H2O PhSiH3 4% 
8 Fe(BF4)2·6H2O PhSiH3 0 
Conditions: Methyl-4-fluorobenzoate (0.2 mmol), boronate reagent (0.4 mmol), metal salt (0.02 mmol), 1,2-
bis(dicyclohexylphosphino)ethane (0.04 mmol) and activator  (0.04 mmol), 150 °C, Conversion determined 










The initial focus of this work was the development of a new procedure for hydroboration, 
utilising pre-catalysts that are primed to undergo a reductive activation process without the 
need for external activators such as organometallic reagents, hydrides or reducing metals, and 
avoiding lengthy pre-catalyst syntheses. 
A novel method of hydroboration was thus developed, with 29 examples across two metals. 
The procedure was shown to be tolerant of polar functional groups such as esters, epoxides 
and amides, as well as aliphatic and aryl alkenes (Scheme 2.31). 
 
Scheme 2.31 – Hydroboration Overview 
Our presumption was that the key to activation was dissociation of fluoride from the 
tetrafluoroborate counterion. This process led to formation of a hydridic boronate complex 
which transferred hydride to the iron or cobalt pre-catalyst and gave a low oxidation-state 
species by reductive elimination of dihydrogen (Scheme 2.32). A combination of NMR studies, 
hydride trapping studies and synthesis of plausible intermediates demonstrated the feasibility 
of this activation mechanism. 
 
Scheme 2.32 - Activation Mechanism 
This endogenous activation method was shown to be applicable to hydrosilylation and nitro-
group reduction. More importantly, mixing a substoichiometric amount of borane or silane 
reagent with pre-catalyst allowed the generation of a ‘generic’ low oxidation-state species 
which could be applied to a range of different catalytic reactions. It was demonstrated that the 
activation method could be applied to reactions previously reported which used well-defined, 





and C–H borylation (Scheme 2.33). Furthermore, the method was also capable of activating a 
nickel(II) pre-catalyst using fluoride as an activator. 
The true test of this methodology will be the application of our activation procedure to the 
development of new synthetic methodology. The operational simplicity of the method allows 
facile screening to uncover new methodology as it allows low oxidation-state iron and cobalt 
to be accessed more easily than ever before. One example of reactivity not previously reported 
is the biaryl-forming Suzuki–Miyaura cross-coupling of boronates with esters via a C–C 
activation process. A small amount of cross-coupled product was detected using a 
trialkoxyboronate species as the nucleophilic cross-coupling partner representing the first 
example of this reactivity without the use of an organometallic reagent. These initial results 
show the promise of the tetrafluoroborate activation method to the development of new 
reactions, but further optimisation of these results and development of other reactions would 
be a worthy area of future research. 
 
Scheme 2.33 - 'Ate' complex as an activator 
Another possible extension of this work involves the activation mechanism itself; using 
boronate complexes formed by lower pKa nucleophiles such as alkoxides or fluoride as 
surrogates for organometallic reagents. Studies of the mechanism of this activation method 
underlined the feasibility of using fluoride as a nucleophilic activator, allowing Lewis acidic 
boron to act as a source of hydride. Consequently, the potential of this reactivity to be applied 







Chapter 3: Boronate Complexes as Masked Organometallic 
Reagents 
3.1 Introduction 
Boron is known to display ambiphilic reactivity. It is electron deficient, possessing only 6 
valence electrons and a vacant p-orbital, allowing it to act as a Lewis acid and electrophile. In 
the presence of a suitable Lewis base, boron is activated to act as a nucleophile. A ubiquitous 
example of this reactivity is in the reduction of ketones 228 by borane or borohydride (Scheme 
3.1). The reduction of ketones by borane proceeds through complexation of borane by a Lewis 
base (229), initiating a hydride transfer to give the hydroboration product (230) and the product 
alcohol (231), following acidic work-up (Scheme 1A). In the case of borohydride, a 
nucleophilic reducing agent, direct transfer of hydride to the ketone (228) is possible leading 
to the secondary alcohol product (231, Scheme 3.1B).134 
 
Scheme 3.1 - Divergent activation of boron for ketone reduction 
Exploiting the nucleophilic reactivity of boronate complexes is an established field of 
synthesis. Boronate complexes derived from organoboranes can act as a masked 
organometallic reagent. One more established method is the Petasis reaction – a boron variant 
of the Mannich reaction (Scheme 3.2). A ketone or aldehyde bearing an alcohol or carboxylate 
in the α-position (232) reacts with an amine (233) to produce an iminium zwitterion. This 
reacts with a boronic acid or ester (234) to give a boronate intermediate which transfers an 
organic group in an intramolecular fashion to make an amino alcohol or acid (235).194,195 This 
represents one example of the metallate rearrangement, a notable mechanism in the utilisation 
of boron reagents as masked nucleophiles. A metallate rearrangement an intramolecular 





only an overview of the vast field of boron chemistry with a few representative examples is 
possible within the scope of this introduction. 
 
Scheme 3.2 - Petasis Reaction 
3.1.1 1,2-Metallate Rearrangements 
An early example of this reactivity is the procedure reported by Brown for nucleophilic 
substitution of α-haloesters (Scheme 3.3). The α-haloester 236 undergoes deprotonation (238), 
followed by addition of the enolate to a trialkylborane 237, formed in situ by hydroboration of 
an alkene with BH3. Subsequent 1,2-metallate rearrangement of the boronate complex 239, 
displaces bromide with an alkyl group and gives the homologated trialkylborane 240.196 
 
Scheme 3.3 - Brown's Ester alkylation by 1,2-Metallate Rearrangement 
Another example of the use of 1,2-metallate rearrangements in synthesis is Matteson’s 
homologation procedure, occurring again by 1,2-metallate rearrangement, entailing ultimately 
the transfer of an organic group by displacement of a vicinal halide.197 Hoppe’s work has also 
employed a similar approach, where deprotonation in an asymmetric environment gives a 
carbanion, which undergoes the rearrangement to transfer an organic group via boron with the 
concomitant extrusion of a carbamate leaving group.198 This approach has been applied in 
target synthesis by Kocienski in the synthesis of (S)-(−)-N-acetylcolchinol (Scheme 3.4).199 
Deprotonation of a carbamate 241 and addition of trialkoxyborane gave pinacolboronic ester 
(242). Addition of an aryl Grignard reagent 243 triggered a 1,2-metallate rearrangement to 






Scheme 3.4 – Kocienski’s use of 1,2-metallate rearrangement in total synthesis 
A demonstrative example of the power of this methodology is an assembly-line synthesis 
approach developed by Aggarwal. An iterative approach, consisting of a series of lithiation-
borylation reactions triggering nine consecutive metallate rearrangements allowed the 
synthesis of a highly substituted saturated alkane with control over stereochemistry, giving a 
product (248) with 10 consecutive stereodefined tertiary carbons. Methylbiphenyl boronic 
ester (245), was reacted with lithiated carbamate 246 to give boronate intermediate 247. This 
underwent the key 1,2-metallate rearrangement to homologate the starting material. This was 
carried out with only 3 work ups in a total of 9 synthetic steps, thus simplifying the 
experimental procedure to build complexity in a molecule (Scheme 3.5).200    
 
Scheme 3.5 - Iterative synthesis by 1,2-metallate rearrangement 
In general, the products of 1,2-metallate rearrangements contain the dialkyl borane or boronic 
ester moiety. This limits the variety of possible products or necessitates a further synthetic 
step, such as oxidation, for its removal. Some examples of reactions which do not give the 





step to give an unsaturated product. A notable reaction using such a mechanism is the Zweifel 
olefination, a transition metal free cross-coupling reaction similar to the Heck reaction 
(Scheme 3.6A).201 While accomplishing the same transformation the mechanism is, of course, 
distinct from transition metal catalysis. Here, a vinyl borane (249) undergoes 1,2-metallate 
rearrangement via an iodonium (250a) or bromonium (250b) ion. Zweifel has shown that it is 
possible to control the diastereoselectivity of product formation by varying the reagent for 
formation of the iodonium or bromonium intermediate. Using iodine as a reagent, α-iodo-
borinic acid intermediate 251a underwent anti-elimination, favouring the more 
thermodynamically stable (Z)-alkene (252). Using cyanogen bromide allowed a sufficiently 
electrophilic intermediate to undergo rapud syn-elimination, giving the (E)-alkene 
preferentially. It is also possible to use isolable boronic esters in this reaction, by activating 
with a vinyl lithium reagent.202 Another example is Aggarwal’s enantiospecific sp2-sp3 cross-
coupling. Furan derivatives (253) and other aromatic compounds were successfully coupled 
with alkyl boronic esters. Lithiation-borylation gave a boronate complex (254), which 
collapsed by 1,2-metallate rearrangement to transfer an organic group. Oxidative reaction with 
NBS allowed an elimination reaction, leading to the removal of the boronic ester moiety and 
concomitant rearomitisation to give the substituted furan compound (255) with retention of 
configuration of the sp3 carbon (Scheme 3.6B).203 
 
Scheme 3.64 - A) Zweifel olefination mechanism; B) Sp2-sp3 cross-coupling of furan 
derivative 
One particularly promising method developed using a 1,2-metallate rearrangement was 
reported by Barlengua and coworkers,204 which uses N-tosylhydrazones as reagents to generate 
either a carbanion or carbene in a manner similar to the Bamford-Stevens reaction (Scheme 
3.7).205 An in situ formed diazo compound (256), underwent attack of the carbanion on the 





rearrangement driven by the loss of dinitrogen to give the cross-coupled product (259), which 
then undergoes protodeboration. An alternative proposal is the loss of dinitrogen to form a 
carbene intermediate (260) which then attacked the boronic acid to give a boronate complex 
with an α-carbocation (261) and underwent a 1,2-metallate rearrangement to give (259). The 
advantages of this method are clear – a rare example of using invaluable 1,2-metallate 
rearrangement chemistry without the need for an organometallic reagent. 
 
Scheme 3.75 - Use of a 1,2-metallate rearrangement for metal-free C–C bond formation 
3.1.2 Simple Nucleophilic Substitution Reactions 
Up to this point, the reactions which have been discussed have been intramolecular transfer of 
one substituent of a boronate complex to an electrophilic site on another substituent. This 
places some limitations on the nature of electrophiles and organic groups to transfer. A means 
to expand the reactivity of boronate complexes is their use in more simple, intermolecular 
reactions that resemble the reactivity of Grignard reagents, e.g. addition to a carbonyl. In 
principle this would allow boron reagents to be coupled with any electrophile. Work by the 
Ley group used a boronic ester (262) as a precursor for a benzyl radical (266) under 
photoirradiation (Scheme 3.8). On treatment with a suitable Lewis base to form a boronate 
complex (263), reaction with a photocatalyst under visible light led to the formation of a 
radical cation (264), which decomposed to give a boric acid derivative (265) and an alkyl 
radical (266). The radical intermediate was primed to carry out a conjugate addition reaction 






Scheme 3.8 - Boronic ester as an alkyl radical precursor 
Alternative methods which operate by two-electron mechanisms have been reported. 
Aggarwal has developed the enantiospecific addition of alkyl groups to electrophiles (Scheme 
3.9). Boronic esters could be used as masked organometallic reagents by activation with an 
organolithium reagent to form a nucleophilic boronate (268). They found that the nature of the 
organolithium reagent was important to selectivity, with aryl lithium reagents bearing 
electron-neutral substituents (R=H), the reaction proceeded by a radical mechanism. When 
aryl groups bearing electron-deficient substituents were used (R=CF3), the reaction occurred 
by a two electron SE2inv mechanism. This was rationalised with reference to the 
enantiospecificity of the reaction, where the SE2inv gave high levels of enantioselectivity for 
inversion, and the radical process gave racemisation of the stereocentre. This mechanism was 
exploited for fluorination reactions with selectfluor207 as well as reaction with other 
electrophiles.208 A wide range of more activated electrophiles was reported, moreover 
nucleophilic addition to simpler electrophiles is not known.  
 
Scheme 3.9 - Nucleophilic addition of carbanion equivalents to electrophiles 
3.1.3 Inspiration from Suzuki–Miyaura Coupling 
In developing the ability to transfer organic groups from boronic acids or esters to electrophiles, 
one area worthy of exploration is iron-catalysed Suzuki coupling reactions, where a 





was reported by Nakamura and coworkers.21 Where hydroxide acts as a suitable base to initiate 
transmetallation in the palladium-catalysed reaction,209 much stronger organometallic reagents 
are required in this case. Aryl boronic esters (270) were reacted with n-butyl lithium to form 
an activated boronate complex (271), which allows transmetallation to the iron catalyst 272 
and cross coupling (Scheme 3.10A). The presence of magnesium bromide was essential to the 
reaction, with quantitative recovery of starting material observed in its absence. It is possible 
that this is due to the formation of an aryl Grignard reagent in situ and subsequent Kumada 
cross coupling, with iron-catalysed Kumada cross coupling widely reported.16,210 It should be 
noted, however, that Nakamura did not report observation of a Grignard reagent under reaction 
conditions.21 A further example that gives weight to the idea of organometallic formation in 
situ is Suzuki–Miyaura cross-coupling in the presence of a substoichiometric diarylzinc 
reagents reported by Bedford. In the first reported example of iron catalysed Suzuki–Miyuara 
cross coupling, Bedford also demonstrated the potential to carry out this reaction without an 
organometallic – using substoichiometric zinc chloride as a co-catalyst with sodium 
tetraphenylborate (273) as a phenyl source, coupling occurred in the presence of simplified 
iron catalyst (274).211 The ditolylzinc reagent was required for optimal reactivity, and the 
conditions were identical to those used for Negishi coupling with stoichiometric ditolylzinc 
(Scheme 3.10B).130,212 
Ingleson and co-workers developed a novel protocol for Suzuki–Miyaura cross-coupling using 
an iron catalyst. It was found that varying the boron reagent enhanced reactivity. A range of 
boron reagents, all bearing a phenyl group, but varying the other groups were examined 
computationally, and a phenyl dipropanolamine boronate complex (275) proved to allow 
coupling with cycloheptyl bromide (276) under milder conditions. However, an 
organometallic zinc-magnesium complex was needed to facilitate cross-coupling, while in its 
absence only homocoupling was observed.128,129 This demonstrates, however, that tuning of 
the substituents on boron reagents can allow more facile transfer of an organic group (Scheme 
3.10C). As underlined in Ingleson’s work, the transmetallation step of cross-coupling is the 
limiting factor in utilising iron catalysis for Suzuki–Miyaura coupling, this work by Ingleson 
has shown that it is possible to carry out transmetallation in the absence of organometallic 
reagents, however this seems to perturb the reactivity of the system, preventing cross coupling, 
and a new frontier would be allowing transfer of an organometallic group to a first-row 







Scheme 3.106 - A) Nakamura's Suzuki–Miyaura Cross-Coupling Reaction; B) Simplified 
conditions using an organozinc reagent; C) Variation in structure of boron reagent 
3.1.4 Measuring Nucleophilicity of Boron Reagents 
The nature of the organic group being transferred from an organoboron species and the other 
substituents on boron have been investigated. The transfer of an organic group from boron to 
electrophiles was investigated by Aggarwal and Mayr using the kinetics of reaction with 
benzylhydrilium ions (278, Scheme 3.11) as a reference to develop values for the 
nucleophilicity of boronate complexes. Aromatic groups bearing electron-donating 
substituents led to increased nucleophilicity. The effect of varying the alkyl groups on the 
boron reagent was inconsistent (279a-e). Methylbenzyl pinacol boronic ester (279a) proved 
the most reactive, possibly due to electronic effects such as hyperconjugation from the methyl 
group overriding the steric effect of adding a methyl group to benzyl pinacol boronic ester 
(279d). Interestingly, comparing iso-propyl and ethyl groups as alkyl substituents gave the 






Scheme 3.11 - Kinetic nucleophilicity studies of various alkyl substituents 
The effect of changing the other substituents on boron was explored by Mayr (Scheme 3.12). 
Preformed boronate species showed increased reactivity (280a-c vs. 280d-f). Interestingly, the 
trialkoxy tethered boronate derivative (280a) proved more reactive than a tetraalkylboron 
derivative (280b). This may be due to the increased stability, enhanced by a chelate effect, of 
the trialkoxyboron byproduct of transfer. A similar transfer process occurs during 
transmetallation in iron-catalysed Suzuki–Miyaura cross-coupling reactions.214 MIDA 
boronates (280f) are used as protecting groups for boronic acids, which are hydrolysed in situ 
to the boronic acid. Accordingly, this proved to be the least nucleophilic boron species.215 
 
Scheme 3.12 - Nucleophilic reactivity of different substituents on boron 
Computational studies by Ingleson probed the ability of different boron reagents to act as 
nucleophiles in cross-coupling reactions. Reactivity was modelled as ‘phenyl ion affinity’ - 
the energy barrier equilibrium for accepting a phenyl group from tetraphenylborate (Scheme 
3.13). The lower the phenyl ion affinity, it was postulated, the more likely the boron reagent 
was to act as a nucleophile in Suzuki–Miyaura cross-coupling. The dipropanolamine boronate 
(281a) had the highest energy barrier, suggesting the highest tendency to transfer a phenyl 





pinacolboronic esters (281b and c) were somewhat less nucleophilic than the dipropanolamine 
(~13 kcal/mol). Interestingly, the trialkoxyborane derivative (281f) was estimated to be a poor 
group for transfer of a phenyl group, in contrast to Mayr’s experimental work.129 The reason 
for this discrepancy is unclear, as it would be expected that the difference in aryl group on the 
nucleophile would not affect this pattern of reactivity, nor would the difference in electrophile. 
Potentially, the differing stabilities of the boron reagent in the absence of a fourth substituent 
and the expected increase of steric hindrance may affect the equilibria shown. Ultimately, the 
presence of quantitative data and a detailed reactivity study would seem to overpower a 
computational study for a theoretical reaction. 
 
Scheme 3.13 - Computational study of reactivity by Ingleson 
3.1.5 Boron-Zinc Exchange 
Another approach which is yet to be fully explored is boron-zinc exchange, where an organic 
group transfers from boron to zinc, thereby forming an organozinc reagent which can react 
with an electrophile. The above example by Bedford shows the potential of this process in 
cross-coupling. Zinc reagents present an attractive alternative to other metals, due to being 
relatively benign – it is only toxic in very high doses.216 However, organozinc reagents are 
highly pyrophoric, and a practical and effective use of zinc in catalysis would have to avoid 
isolation and use of organozinc reagents. Carreira has established and applied the concept of 
asymmetric addition of zinc nucleophiles to aldehydes,217 a method that has been applied to 
the synthesis of a number of natural products.218 This suggests the possibility of using boron-
zinc exchange to transfer an R group from boron enantioselectively. 
Transmetallation from boron to zinc, or boron-zinc exchange, was reported by Knochel over 
twenty years ago to generate organometallic reagents for copper-catalysed coupling reactions. 
An alkyl borane (283) is synthesised in situ by hydroboration of a terminal alkene (282). This 
undergoes boron-zinc exchange with diethylzinc to form the dialkylzinc reagent (284) which 
is quenched by an electrophile under copper catalysis (Scheme 3.14). This has been reported 






Scheme 3.14 - Boron-Zinc exchange for copper mediated coupling 
Three approaches which built on Knochel’s work were developed by Bedford,224 Bolm225 and 
Ingleson.226 Bedford reported use of diethylzinc to promote the transfer of an aryl group from 
a boronic acid to a benzyl halide electrophile 286, forming a diarylmethane 287 (Scheme 
3.15A).  
Use of stoichiometric organozinc reagents for enantioselective addition to aldehydes has been 
reported by a number of authors.227 For example, Bolm’s procedure for addition of boronic 
acids (288a) or esters (288b) to aldehydes. A stoichiometric amount of diethylzinc, in the 
presence of chiral ligand 289 (Scheme 3.15B) gave enantioenriched secondary alcohols (290). 
The reaction occurs by boron-zinc exchange to form an arylzinc reagent with 289 acting as a 
chiral ligand on zinc to deliver an aryl group asymmetrically.225 
Ingleson and co-workers, have reported a more operationally simple protocol using, instead of 
stoichiometric dialkyl reagents, substoichiometric zinc bromide in the presence of an isolated 
lithium salt of a boronate complex to perform the same transformation as reported by Bedford 
(Scheme 3.15C). This gave the cross-coupled product, showing the possibility of a formal 
Suzuki–Miyaura cross-coupling type reaction which took place using boron-zinc exchange to 
form a diarylzinc reagent. The exchange was observed in NMR studies of the reaction, and 
subsequent nucleophilic attack of the in situ formed organometallic reagent on a benzyl 
electrophile. As yet, all the methods reported have used a stoichiometric amount of an 
organometallic reagent, either a dialkyl- or arylzinc or organolithium reagent to promote the 
reaction. The ideal reaction would allow formation of the organometallic reagent in situ from 






Scheme 3.15 - Direct organozinc addition to aldehydes via boron-zinc exchange; A) 
Coupling mediated by diethylzinc; B) Asymmetric coupling with stoichiometric zinc; C) 
Substoichiometric zinc mediated coupling 
Boron-zinc transmetallation without the use of a reactive organometallic activator has been 
demonstrated by Niggeman and co-workers in the course of mechanistic investigations of an 
aminoborane oxidation (Scheme 3.16). In the presence of zinc ethoxide (293), ethyl pinacol 
boronic ester (292) was able to transfer an organic group to zinc, forming a trialkoxyborane 
(294) and an organozinc reagent in situ (295), in a manner similar to the mechanism proposed 
by Ingleson and others.228 
 
Scheme 3.167 - Boron-zinc exchange without an organometallic 
3.1.6 Nucleophilic Attack by Silicon ‘Ate’ Complexes 
Using silicon in place of boron, O’Shea has developed a method for transferring benzyl groups 
from benzyltrimethylsilyl compounds (296, Scheme 3.17A). This was achieved using a 
fluoride source to generate a silicon ‘ate’ complex, which acts as a carbanion equivalent to 
synthesise secondary or tertiary alcohols (297) from aldehydes and ketones.229 Using the more 
electrophilic sulfoximine (299), aryl transfer was observed from aryl trimethylsilanes (298) 





example of ‘ate’ complex formation without need for an organometallic reagent, although it should 
be noted that the trimethylsilyl compounds are synthesised by lithiation and nucleophilic 
substitution of trimethylsilyl chloride.230,231 
 
Scheme 3.17 – A) Fluoride activated silicon ‘ate’ nucleophiles; B) Alkoxide activated 






3.2 Project Aims 
A survey of the literature underlines the versatility of boron chemistry. A variety of organic 
groups have been transferred, although many of the prevalent methods have utilised sp3 
nucleophiles rather than sp2, in fact Aggarwal’s chemistry shows preferential transfer of an 
alkyl group in the presence of an aryl group.207,208 Tuning the electronic environment and 
employing chelate effects around boron has proven an effective tactic for improving its 
reactivity towards transfer of an organic group. An alternative pathway to transfer an organic 
group is boron-zinc exchange, which has shown promise in transferring organic groups for 
further reactivity or for reaction with electrophiles. What is needed to advance the field further 
is development of a versatile method for addition to simple electrophiles, which can be carried 
out in the absence of organometallic reagents. 
Some methods have been developed which allow the use of alkyl or aryl boronic esters as 
surrogates for more air and moisture sensitive organometallics such as Grignard reagents and 
organolithium reagents. A number of protocols have been developed, boasting good reactivity 
with a number of electrophiles. These reactions generally entail formation of a nucleophilic 
boronate reagent by addition of organolithium reagents to the boronic ester (Scheme 3.18, Nu 
= RLi). This has led to utilisation of boron’s tendency to undergo 1,2-metallate rearrangements. 
These methods, with few exceptions, require an organometallic reagent to activate the boron 
reagent towards transfer of an ‘R’ group to an electrophile. This limits the advantages of using 
boron reagents as alternatives to Grignards and organolithiums. 
The goal of this work was to exploit the nucleophilic reactivity of boronate complexes in the 
absence of organometallic reagents. In particular, the focus was the synthesis of secondary 
alcohols from aldehydes, due to the ubiquitous nature of this motif in natural products.219 
We took inspiration from the work carried out in the Thomas group,116 which showed the 
applicability of boron (and silicon) ‘ate’ complexes to transfer hydride using non-
organometallic activators such as fluoride and tert-butoxide (Scheme 3.18A). We reasoned 
that there were two steps in the reaction; the generation of the boronate complex itself (Scheme 






Scheme 3.18 – A) Boronate enabled hydride transfer B) Steps in the transfer of organic 
groups to aldehydes 
3.3 Results and Discussion 
3.3.1  Aryl Transfer Reaction with Organometallic Reagents 
3.3.1.1 Screening of Conditions 
We commenced work under the assumption that boronate complex formation was trivial and 
that, if appropriate conditions for group transfer could be identified, this would enable 
appropriate conditions for the reaction to occur. Nakamura’s conditions21 for iron-catalysed 
Suzuki–Miyaura cross-coupling showed the importance of MgBr2 to transmetallation. This led 
us to examine the role of Lewis acids in facilitating transfer of an organic group (Table 3.1). 
Using Nakamura’s conditions with n-butyllithium but adding 4-fluorobenzaldehyde in place 
of iron catalyst and alkyl halide, we trialled different Lewis acids to facilitate transfer of the 
aryl group from phenyl pinacol boronic ester (301). In the absence of a Lewis acid a complex 
mixture was produced, with only trace amounts of the addition product (302) observed (Entry 
1). Magnesium bromide proved ineffective in promoting reactivity (Entry 2). Using zinc 
chloride, a good yield of the diarylmethanol was obtained (Entry 3). We examined use of silver 
and sodium salts as Lewis acids, and found they were ineffective (Entry 4 and 5). Changing 
the Lewis acid to titanium or aluminium led to product formation, albeit in lower yields, but 
this did not seem to be general to all titanium and aluminium salts (Entries 6-8). Screening of 
other zinc salts showed some activity (Entry 10-13), but zinc chloride gave the highest yield 
and was selected for further study. In carrying out these reactions, a trace amount of the 
primary alcohol reduction product was detected in the crude reaction mixture.  In addition to 
screening reactivity with 4-fluorobenzaldehyde (195), n-butyl acrylate (303), which is more 





(Table 3.2). No reactivity was observed, except in the case of zinc chloride where formation 
of benzene was observed. Potentially, this is due to transfer of two phenyl groups to zinc, 
leading to the formation of diphenylzinc which remains unreacted and is converted to benzene 
on aqueous workup. 
Table 3.1 – Effect of Lewis acids on transfer 
 
Entry LA Yield 
1 - trace 
2 MgBr2·Et2O trace 
3 ZnCl2·2THF 75% 
4 AgOTf trace 
5 Na(salicylate) trace 
6 Ti(OiPr)4 27% 
7 Cp2TiCl2a 0% 
8 Al(OiPr)3 40% 
9 AlCl3 0% 
10 Zn(Oac)2 53% 
11 Zn(Otf)2 37% 
12 Zn(BF4)2 2% 
13 Zn(CN)2 39% 
Conditions – nBuLi (0.7 mmol) was added to phenyl pinacolboronic ester (0.7 mmol) at -40 oC. The reaction 
was stirred for 30 minutes at -40 oC and 30 minutes at 0 oC. ZnCl2·2THF (0.1 mmol) was added, and the reaction 
was warmed to room temperature. 4-fluorobenzaldehyde (0.5 mmol) was then added, and the reaction was 







Table 3.2 - Effect of Lewis acids on transfer 
 
Entry LA Result 
1 MgBr2·Et2O No reactivity 
2 ZnCl2·2THF 31% benzene formation 
3 AgOTf No reactivity 
4 Na(salicylate) No reactivity 
Conditions – nBuLi (0.7 mmol) was added to phenyl pinacolboronic ester (0.7 mmol) at -40 oC. The 
reaction was stirred for 30 minutes at -40 oC and 30 minutes at 0 oC. ZnCl2·2THF (0.1 mmol) was added, 
and the reaction was warmed to room temperature. n-Butyl acrylate (0.5 mmol) was then added, and the 
reaction was stirred at room temperature for 24 hours.  
 
The amount of boron reagent and thus boronate complex were tested to determine the optimum 
loading in terms of yield and selectivity. It was found that lower amounts of boronate complex 
led to decreased selectivity for phenyl group transfer over reduction. Thus, it is likely that the 
reduction process is independent of transfer (Figure 3.1). Variation of zinc loading showed 
decreasing reactivity with decreasing amounts of zinc (Table 3.3). 
 





















Table 3.3 – Variation of zinc loading 
 
Entry X Result 
1 20 70% 
2 15 44% 
3 10 42% 
4 5 5% 
5 1 0% 
Conditions – nBuLi (0.7 mmol) was added to phenyl pinacolboronic ester (0.7 mmol) at -40 oC. The reaction 
was stirred for 30 minutes at -40 oC and 30 minutes at 0 oC. ZnCl2·2THF (X mmol) was added, and the 
reaction was warmed to room temperature. 4-fluorobenzaldehyde (0.5 mmol) was then added, and the reaction 
was stirred at room temperature for 24 hours 
 
3.3.1.2 Mechanism of Aryl Transfer Reaction 
It was thought that the potential to harness this reactivity under more mild conditions would 
be enhanced by understanding the role of zinc in the reaction and how it facilitates transfer of 
an organic group. It was presumed that the inclusion of zinc led to the formation of 
diphenylzinc (305), which then adds to the aldehyde to give the alcohol (Scheme 3.19, Path 
A). The alternative proposal was that zinc chloride acted as a Lewis acid to enhance the 
electrophilicity of the aldehyde (306) and thus promote addition by the boronate complex (Path 
B). The reaction was carried out with stoichiometric zinc chloride and analysed by 11B, 1H and 
13C NMR spectroscopy (Scheme 3.20). On addition of zinc chloride to the reaction mixture, 
the disappearance of boronate complex  (226) was observed as well as the appearance of peaks 
corresponding to diphenylzinc (305).232 In contrast to Aggarwal’s results, where alkyl or 
benzylic groups were transferred in the presence of aryl groups,207,208 the aryl substituent was 
transferred with no transfer of the n-butyl group observed. This could be explained by the 
difference in mechanism resulting from the use of zinc, with formation the more stabilised 






Scheme 3.19 - Potential mechanisms for zinc assisted transfers 
In light of these results, the transfer of other groups was investigated. The boronate complex 
synthesised from vinyl pinacol boronic ester (307) underwent boron-zinc exchange to give the 
divinyl zinc compound (308, Scheme 3.20). It seems that this may be a reliable method of 
generating organozinc reagents from bench stable boronic esters. 
 
Scheme 3.20 - Formation of organozinc intermediates in situ 
3.3.1.3 Scope of Aryl Transfer Reaction 
The conditions established were among the most operationally simple used for this reaction. 
The procedure is of a similar level of simplicity to Ingleson’s work, which was reported while 
this work was ongoing, but this work has the advantage of using nBuLi, which is less 
pyrophoric and easier to handle than tBuLi. 
We sought to investigate the scope of this transformation (Scheme 3.21), to probe its generality 
and also to glean an understanding of its steric and electronic preferences. Methylbenzyl 
pinacol boronic ester gave the secondary alcohol (302b) in a 44% yield. Both aryl groups 
bearing electron-donating (302c) and electron-withdrawing (302d) substituents were less 
reactive than an unsubstituted aryl ring. Particularly, aryl groups bearing electron-withdrawing 





complex for transfer to occur. The procedure was also applicable to the transfer of sp-
hybridised substituents, when aluminium iso-propoxide was used instead of zinc chloride 
(302e). Unstablised alkyl groups were less reactive (302f). With regard to the electrophile, the 
reaction was tolerant of ortho-substituted benzaldehyde substrates (302g), but aldehydes 
bearing electron-donating substituents (302h) were not reactive. Use of decanal (302i) as 
electrophile led to no reactivity. A small number of non-carbonyl electrophiles were screened, 
and it was found that electrophilic attack occurred in low yield with benzyl halide electrophile 
302j. NFSI (302k) was unreactive to this reaction, but a good yield of the aryl transfer product 
was obtained with tropylium as electrophile (302l). 
Conditions – Base (0.7 mmol) was added to phenyl pinacolboronic ester (0.7 mmol) at room temperature. 
ZnCl2·2THF (mmol) was added, followed by 4-fluorobenzaldehyde (0.5 mmol), and the reaction was stirred at 
room temperature for 24 hours, a) Al(OiPr)3 (20 mol%) used instead of ZnCl2:2THF 
Scheme 3.21 - Investigation of the scope of the reaction (N.B. Numbers under substrates 
denote the compound numbers of the aryl transfer products) 
3.3.2 Screening Conditions for Organometallic-Free Aryl Transfer 
Having established conditions for the transfer of aryl groups using butyllithium for boronate 
complex formation, we next turned our attention to using mild activators. Weakly nucleophilic 
bases such as carbonate did not give any reactivity (Table 3.4, Entry 2). Using tert-butoxide 
as a nucleophile for boronate complex formation (Entries 3 and 4), gave no transfer, in spite 
of giving complete conversion to the boronate complex.  In the case of sodium tert-butoxide 
50% yield of the 4-fluorobenzyl alcohol (196) was observed. Other nucleophiles which have 
been used to activate first-row transition metal complexes such as sodium 2-ethylhexanoate 





(Entry 7 and 8). Methoxide salts (9 and 10) proved more effective for coupling than tert-
butoxide, but less reactive overall. None of the salts screened gave a significant amount of 
transfer product. The most effective approach seemed to be using a stoichiometric amount of 
zinc triflate (Entry 15). Trimethylsiloxide (Entry 16), which was successfully used by 
O’Shea,231 proved ineffective. Even using a base with a much higher pKa, HMDS, did not give 






Table 3.4 - Screening of nucleophiles 
 
Entry Base % Yield 302a % Yield 196 
1 nBuLia 75% Trace 
2 K2CO3 0% 0% 
3 KOtBu 0% Trace 
4 NaOtBu Trace 50% 
5 Na(2-EH) 0% 0% 
6 NaStBu 0% 0% 
7 KF 0% 3% 
8 TBAF Trace Trace 
9 KOMe 5% 10% 
10 LiOMe 4%  9% 
11 NaOiPr Trace Trace 
12 K3(citrate) Trace 0% 
13 KOH Trace 0% 
14 Pyrrolidine 0% 3% 
15 Zn(OTf)2 6% 0% 
16 TMSOK 0% 0% 
17 KHMDS 0% 0% 
Conditions: Base (0.7 mmol) was added to phenyl pinacolboronic ester (0.7 mmol) at room temperature. 
ZnCl2·2THF (mmol) was added, followed by 4-fluorobenzaldehyde (0.5 mmol), and the reaction was stirred at 
room temperature for 24 hours a) nBuLi (0.7 mmol), phenyl pinacolboronic ester (0.7 mmol), stirred at -40 oC 
(30 minutes) and at 0 oC (30 minutes). ZnCl2·2THF (0.1 mmol), 4-fluorobenzaldehyde (0.5 mmol) was then 
added, and the reaction was stirred at room temperature for 24 hours 
3.3.2.1 Controls with NaOtBu 
The unexpected result with tert-butoxide prompted further investigation into the mechanism 
for reduction in the absence of a hydride source. Potentially, a one-electron process could be 
initiated by a β-scission process, although this seems unlikely under these conditions.231 
Another possibility is the Canizzarro reaction, where base catalyses a disproportionation 






Scheme 3.22 - Canizzarro reaction 
To assess the role of tert-butoxide in the reduction process and its potential role as hydride 
source, nonafluoro-tert-butoxide (309) was synthesised and tested as a nucleophile for 
boronate complex formation (Scheme 3.23). No reactivity was observed. While this may be 
interpreted as suggesting tert-butoxide acting as a source of hydride, the presence of 9 
fluorides lead to a much more weakly nucleophilic alkoxide, which may shut down reactivity. 
This is demonstrated by the pKa difference of the corresponding alcohols – tert-butoxide has 
a pKa of 12.43 compared to 5.4 for nonafluoro-tert-butoxide.36 
 
Scheme 3.23 - Use of nonafluoro-tert-butoxide 
Control reactions were carried out to determine which reagents were involved in the side 
reaction (Table 3.5). Under standard conditions, 39% yield of the primary alcohol was 
obtained (Entry 1), while no reaction was observed in the absence of sodium tert-butoxide 
Interestingly, neither PhBpin (Entry 3) nor zinc chloride (Entry 4) were needed for reactivity, 
with the same result being achieved with only NaOtBu and 4-fluorobenzaldehyde (Entry 5). 
Thus, it seems likely that this is a Canizzarro-type process, producing the acid as a byproduct. 
Performing the reaction with zinc tert-butoxide instead of zinc chloride and nBuLi as base led 
to reaction inhibition for aryl transfer and reduction as the major product, albeit in low yield 
(Scheme 3.24). From these results it can be inferred that reduction occurs by a Canizzarro 
reaction, and that tert-butoxide inhibits reactivity for transfer. Possibly, di-tert-butoxyzinc is 
less reactive to boron-zinc exchange and thus gives much lower yields under otherwise 
identical conditions. Furthermore, NMR studies carried out under reaction conditions did not 
show the diphenylzinc formation when NaOtBu is used as a nucleophile. This suggests that 
boron-zinc exchange does not occur under these conditions. The results obtained using n-





stability of the organozinc intermediate. Similarly, in this case, it may be that the more stable 
zinc alkoxide is preferred over diphenylzinc, thus preventing transfer of an aryl group. Work-
up procedures generally used involved washing the organic phase with water, possibly leading 
to loss of the expected acid side product in the aqueous phase, and indeed, changing to an 
acidic work-up procedure showed the formation of the 4-fluorobenzoic acid (310, Scheme 
3.25). 
Table 3.5 – Control reactions 
 
Entry Variation % Yield 55 % Yield 56 
1 None 0 39 
2 No NaOtBu 0 0 
3 No PhBpin 0 40 
4 No ZnCl2 0 46 
5 No ZnCl2 or PhBpin 0 42 
Conditions – Base (0.7 mmol) was added to phenyl pinacolboronic ester (0.7 mmol) at room temperature. 
ZnCl2·2THF (mmol) was added, followed by 4-fluorobenzaldehyde (0.5 mmol), and the reaction was stirred at 
room temperature for 24 hours 
 
Scheme 3.24 - Zinc tert-butoxide as a zinc reagent 
 
Scheme 3.25 - Formation of 4-fluorobenzoic acid 
3.3.2.3 Testing of Tethered Alkoxides 
The approach of using tethered alkoxides as activators was adopted in order to try and 





It was thought that having a Lewis basic alkoxide with another tethered alkoxide would allow 
the formation of a tetracoordinate boronate (312) instead stabilised by chelation (Scheme 3.26). 
 
Scheme 3.26 - Approach of using tethered alkoxides as nucleophiles 
Aminoalkoxide 313 was tested, but gave only a small amount of reduction with no transfer. 
The disodium pinacolate salt 314 showed no reactivity at all. The disodium salt of 2,2-
dimethylpropylene glycol derivate 315a gave only reduction. As significant reaction was only 
observed with butyllithium, the dilithium salt (315b) was also tested but again proved 
ineffective, demonstrating that the lithium cation is not required for reactivity. 11B NMR 
studies were carried out of the reaction of the disodium salt (315a) with PhBpin (Figure 3.2). 
Complete conversion to the boronate complex was observed. Addition of zinc chloride led to 
gradual consumption of boronate complex and formation of a different boronate complex in 
its place. It seems therefore that some amount of boron-zinc exchange occurs using this reagent. 
A few Lewis acids were screened in an attempt to find more suitable conditions, but none gave 
more than 3% yield (Scheme 3.27). While very low levels of activity have been observed, this 
approach seems to have some potential to perform the desired reactivity. For this approach to 
be followed more successfully, an array of different bis-alkoxides would need to be screened 
as well as different zinc salts and other metal salts, solvents and temperatures. 
 






Figure 3.2 – 11B NMR study of boronate complex formation 
Studies thus far had focused on commercially available boron reagents, in the hope of 
developing a method which could be applied easily without specialist reagents. This approach 
proved challenging, however, thus trialkoxyboronate (227) was synthesised and used in order 
to circumvent the problems of transferring an aryl group to the metal with an external base. It 
was also thought that this tethering approach without an external base would prevent the 
unwanted reduction reaction. However, a variety of conditions were tested but only very 












Table 3.69 - Trialkoxyboronate as boron reagent 
 
Entry Lewis Acid Temperature, 
OC 
Solvent Yield of 55 (%)  Yield of 56 (%) 
1 ZnBr2, 
TMEDA 
80 (2-Me)THF 0 0 
2  100 CPMEa 0 0 
3 ZnCl2·2THF 100 CPME 0 0 
4  120 PhMe 0 0 
5 ZnCl2·2THF 120 PhMe 0 0 
6 Al(OiPr)3 120 PhMe 4 11% 
7 Ti(OiPr)4 120 PhMe 0 0 
Conditions – ZnCl2·2THF (0.1 mmol) was added to triolboronate 64 (0.7 mmol), followed by 4-fluorobenzaldehyde 
(0.5 mmol), and the reaction was heated for 24 hours. a CPME = cyclopentyl methyl ether 
 
3.4 Conclusions and Future Work 
New conditions have been identified for transfer of aryl groups to simple electrophiles. These 
reagents and conditions constitute the simplest procedure for carrying out this reaction. The 
underlying mechanism seems to be boron-zinc exchange followed by nucleophilic attack of 
the diarylzinc on the aldehyde substrate. Further work might further optimise these the reaction 
and allow it to be adapted to more substrates. 
With regards to the attempts at harnessing the same reactivity with milder nucleophiles, it 
would appear that it is not possible simply to replace an organolithium base with an alkoxide 
and replicate the same reactivity. One problem that was encountered was undesired reduction 
via a Cannizzarro reaction. The other is the inherent selectivity of forming alkoxyzinc reagents 
over diarylzinc. From the approaches examined, from NMR studies it seems that using a 
bidentate alkoxide as a ligand for boron may allow a novel approach to aryl transfer to be 
developed, but a great deal more work would be needed. 
It seems the presence of a carbanion as a nucleophile greatly assists in the transfer reaction. If 
this proves to be a requirement, methods could be explored which generate a carbanion in situ. 





transition metal-free coupling (Scheme 3.7). A similar approach, which entails the formation 







Chapter 4. Conclusion 
 
The goal of this project was to develop novel synthetic methodology using more sustainable, 
earth abundant metals such as iron. Even a cursory overview of the literature in low oxidation-
state iron catalysis and the literature pertaining to its neighbour, cobalt, demonstrates a paucity 
of methods which can be used reliably without the need for a pyrophoric additive to reduce 
the complex in situ or isolation and storage of a highly unstable and reactive low oxidation-
state complex. Therefore, while the project began with the use of iron and cobalt 
tetrafluoroborate pre-catalysts for hydroboration of olefins in the absence of an additional 
activator, it became clear that in order for the field to progress, this would need to become a 
general activation method. 
In the event, the hydroboration reaction demonstrated reactivity with 29 examples across two 
metals. The reaction was found to be tolerant of polar functional groups, particularly in the 
case of cobalt, where terminal alkenes bearing pendant amide, ester, ketone and ether 
functionalities were tolerated. In spite of extensive screening, it seemed that this system was 
not effective for less reactive internal alkenes, as well as terminal alkynes and free alkoxy and 
amino groups. 
In order to apply the activation method behind this hydrboration reaction further, a deeper 
understanding of the underlying mechanism was needed. Our initial proposal was that an ‘ate’ 
complex was formed in situ by reaction of the hydroboration reagent with fluoride dissociated 
the tetrafluoroborate counterion. To interrogate this assumption, a number of experiments 
were carried out. Control reactions demonstrated that activation occurred due to the presence 
of the tetrafluoroborate counterion. This was further confirmed by adding sources of 
tetrafluoroborate to reactions using an inactive catalyst. The same effect was observed with 
added fluoride sources, and further testing with NMR studies showed that fluoride does indeed 
dissociate from the counterion of the pre-catalyst and react with the hydroboration reagent. A 
test of reactivity by adding a source of the trityl cation to reactions showed both reaction 
inhibition and trapping of hydride by trityl, forming triphenylmethine. 
These mechanistic studies led to the following conclusions about the reaction: Under standard 
reaction conditions, the tetrafluoroborate counterion dissociates to give a fluoride ion and 
boron trifluoride. Fluoride then reacts with the hydroboration reagent – in this case 
pinacolborane to form a reactive boronate complex which transfers hydride to the pre-catalyst, 
leading eventually to a catalytically active species and pinacolatoboron fluoride. Under these 
conditions, these processes are essential for reactivity to occur and therefore it was concluded 
that this is the most plausible activation mechanism. 
Having gleaned some plausible mechanistic understanding with hydroboration, the same idea 
was applied to its sister reaction – hydrosilylation, with considerable success. 
Tetrafluoroborate counterions were also used for iron and cobalt catalysed reduction of nitro-
compounds, with sodium borohydride as reductant, or by reducing the metal complex in situ 
using pinacolborane as both activator and hydride source. Further, by adding 
substoichiometric pinacolborane or phenylsilane to other reactions, an operationally simple 
and versatile activation method was developed. Reactivity for hydrogenation, [2+2]-
cycloaddition and C–H borylation were all demonstrated, and preliminary results were 





that this activation system is a method of streamlining and simplifying previously reported 
reactions, but also has the potential to work as a tool for uncovering new reactivity. 
The mechanistic processes which underpin the tetrafluoroborate activation method – i.e. mild 
conditions for generation of a highly reactive boronate complex which can transfer a group to 
an electrophile was thought to warrant further exploration. It was thought that if hydride could 
be transferred by this mechanism, it may be possible to also transfer a large organic group, 
such as phenyl, to an organic electrophile. 
In practice, it became clear that this process is not as facile as activation of a transition metal 
catalyst. It seems that while boronate complex formation occurs with, for example, sodium 
tert-butoxide to form a boronate complex, but the transfer of an organic group proved elusive, 
in part due to a competing Cannizarro reaction. In spite of this, conditions were for transfer of 
aryl groups to an aldehyde using a zinc chloride catalyst and n-butyllithium for ‘ate’ complex 
formation, which appears to proceed via a boron-zinc exchange mechanism for form an 
organozinc species. 
The development of an aryl transfer reaction using boron compounds as surrogates for 
Grignard reagents without an organometallic reagent was not undertaken successfully, and the 
following approaches may be worth exploration in future: screening conditions using tethered 
boronate complexes which are pre-synthesised rather than formed in situ and exploring the 
possibility to harness reactions which may lead to the formation of an organometallic or 
carbanion equivalent in situ. 
In summary, this novel activation method, which leverages the nucleophilicity of boronate 
complexes allows activation of previously inactive pre-catalysts for known reactions, has a 
demonstrated ability to be broadly applied and also the potential to lead to previously 





Chapter 5. Experimental 
5.1 General Experimental Information  
Reaction Setup: All reactions were performed in oven (180 °C) dried glassware under 
an atmosphere of argon, unless otherwise indicated. All air- and moisture sensitive reactions 
were carried out using standard vacuum line and Schlenk techniques, or in a glovebox with a 
purified argon atmosphere. All glassware was cleaned using base (KOH, iPrOH) and acid 
(HClaq) baths. All reported reaction temperatures correspond to external bath temperatures. 
Room temperature (r.t) was approximately 20°C. “Brine” refers to a saturated solution of 
sodium chloride in H2O. For the hydroboration of olefins, the reactions were typically carried 
out in a glass vial (8 mL, Fisher Scientific, product code 11563680), under an inert atmosphere 
of argon, unless otherwise stated.  
NMR Spectroscopy: 1H, 13C, 11B and 29Si NMR spectra were recorded on Bruker 
Avance III 400 and 500 MHz; Bruker AVI 400 MHz; Bruker Avance I 600 MHz spectrometers. 
Chemical shifts are reported in parts per million (ppm). 1H and 13C NMR spectra were 
referenced to the solvent peak (CHCl3: 7.27 ppm, 77.00 ppm; CH2Cl2: 5.32 ppm, 54.00 ppm; 
d8-THF: 1.73 ppm, 25.37 ppm; CD3CN: 1.94 ppm, 1.39 ppm). Multiplicities are indicated by 
app. (apparent), br. (broad), s (singlet), d (doublet), t (triplet), q (quartet), quin. (quintet), sext. 
(sextet), sept. (septet), non. (nonet). Coupling constants, J, are reported in Hertz and rounded 
to the nearest 0.1 Hz. Integration is provided. For the 13C NMR of hydroboration products, 
carbons  that are directly attached to boron atoms were often not observed due to quadrupolar 
relaxation. 1H and 13C assignments are corroborated through 2-D NMR experiments (COSY, 
HSQC, HMBC).  
Infrared Spectroscopy: Infra-red (IR) spectra were recorded on a Perkin-Elmer 
Spectrum One FT-IR, or Shimadzu IRAffinity-1 spectrometer (serial no. A213749). Peaks are 
reported in cm−1 with indicated relative intensities: s (strong, 0–33% T); m (medium, 34–66% 
T), w (weak, 67–100% T), and br. (broad).  
Mass Spectrometry: Mass spectrometry (MS) was performed by the University of 
Edinburgh, School of Chemistry Mass Spectrometry Laboratory. High resolution mass spectra 
were recorded on a VG autospec, or Thermo/Finnigan MAT 900, mass spectrometer. Data are 
reported in the form of m/z (intensity relative to the base peak = 100). 
Melting Points: Melting points (mp) were determined on a Stuart Scientific SMP10, 





            Chromatography: Analytical thin-layer chromatography was performed on 
aluminium-backed silica plates (Merck 60 F254). Pet. ether refers to petroleum ether 40-60. 
Product spots were visualised by UV light at 254 nm, and subsequently developed using 
potassium permanganate solution if appropriate. Flash column chromatography was 
performed on silica gel (Merck Kielselgel 60, 40-63 μm).  
Solvents: All solvents for air- and moisture sensitive techniques were obtained from 
an anhydrous solvent system (Innovative Technology). Anhydrous d8-tetrahydrofuran was 
distilled from sodium/benzophenone.  Reaction solvents tetrahydrofuran (THF) (Fisher, 
HPLC grade), ether (Et2O) (Fisher, BHT stabilized ACS grade), and dichloromethane (CH2Cl2) 
(Fisher, unstabilised HPLC grade) were dried by percolation through two columns packed 
with neutral alumina under a positive pressure of argon. Toluene (ACS grade) was dried by 
percolation through a column packed with neutral alumina and a column packed with Q5 
reactant (supported copper catalyst for scavenging oxygen) under a positive pressure of argon. 
Solvents for filtration, transfers, chromatography, and recrystallization were dichloromethane 
(CH2Cl2) (ACS grade), ether (Et2O) (Fisher, BHT stabilized ACS grade), ethyl acetate (EtOAc) 
(Fisher, ACS grade), hexane (Optima), methanol (MeOH) (ACS grade), pentane (ACS grade), 
and petroleum ether (40–60°C, ACS grade).  
Chemicals: All reagents were purchased from Sigma Aldrich, Alfa Aesar, Acros 
Organics, Tokyo Chemical Industries UK, Fluorochem, Fisher Scientific UK or Apollo 
Scientific or synthesised within the laboratory. Iron(II) tetrafluoroborate hexahydrate 97% 
(product number 401668) was purchased from Sigma Aldrich; anhydrous iron(II) chloride 98% 
was purchased from Strem Chemicals Inc. (UK) (product number 39957, Lot 19226800); 
cobalt (II) tetrafluoroborate hexahydrate 99% was purchased from Sigma Aldrich (product 







5.2 Supporting Schemes and Tables 
Mechanistic Investigations  
NMR study of FBpin formation in situ 
For comparison, EtBIPCo(BF4)2 (30 mg, 0.04 mmol), was reacted with HBpin (30 µL, 0.2 
mmol) in a solution of THF (0.5 mL) and subjected to 11B (Figure 4.1) and 19F NMR (Figure 
4.2) analysis. 
 


















5.3 General Experimental Procedures 
A. General Procedure for the Hydroboration of Olefins 
 
In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, a 
bis(imino)pyridine ligand (0.01 equiv.) and a metal tetrafluoroborate hexahydrate salt (0.01 
equiv.) were dissolved in anhydrous THF (0.5 ml). This mixture was stirred for 1 minute at 
ambient temperature to form the catalyst. The olefin (0.50 mmol, 1.00 equiv.) and 4,4,5,5-
Tetramethyl-1,3,2-dioxaborolane (0.60 mmol, 1.20 equiv.) were added and the mixture was 
stirred at ambient temperature for 4 hours. Diethyl ether (3 ml) and water (3 ml) were 
subsequently added. The aqueous phase was extracted with diethyl ether and the solvent 
removed in vacuo. 1,3,5-Trimethoxybenzene (16.8 mg, 0.10 mmol, 0.20 equiv.) was added 
for use as a 1H NMR (CDCl3) internal standard to determine the reaction yield.  
 
 
B. General Procedure for the Hydrosilylation of Olefins using Co(BF4)2·6H2O 
 
In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, a 
bis(imino)pyridine ligand (0.01 equiv.) and cobalt tetrafluoroborate hexahydrate (0.01 equiv.) 
were dissolved in anhydrous THF (0.5 mL). This mixture was stirred for 1 minute at ambient 
temperature to form the catalyst. The olefin (0.90 mmol, 1.00 equiv.) and phenylsilane (0.99 
mmol, 1.10 equiv.), were added and the mixture was stirred at ambient temperature for 1 hour. 
Diethyl ether (4 ml) was subsequently added. The mixture was passed through a short silica 
plug (made up in a glass pipette, diethyl ether eluent) to remove any cobalt, and the solvent 
removed in vacuo. 1,3,5-Trimethoxybenzene (30.3 mg, 0.18 mmol, 0.20 equiv.) was added 







C. General Procedure for the Hydrosilylation of Olefins using Fe(BF4)2·6H2O 
 
In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, 
bis(imino)pyridine ligand (0.02 equiv.) and iron tetrafluoroborate hexahydrate salt (0.02 
equiv.) were dissolved in anhydrous THF (0.5 mL). This mixture was stirred for 1 minute at 
ambient temperature to form the catalyst. The olefin (0.90 mmol, 1.00 equiv.) and phenylsilane 
(0.99 mmol, 1.10 equiv.) were added and the mixture was stirred at ambient temperature for 1 
hour. Diethyl ether (4 ml) was subsequently added. The mixture was passed through a short 
silica plug (made up in a glass pipette, diethyl ether eluent) to remove any iron residues, and 
the solvent removed in vacuo. 1,3,5-Trimethoxybenzene (30.3 mg, 0.18 mmol, 0.20 equiv.) 
was added for use as a 1H NMR (CDCl3) internal standard to determine the reaction yield.  
 
 
D. General Procedure for Reduction of Nitro-compounds to Amines 
 
In a 20 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, cobalt 
tetrafluoroborate (17 mg, 0.05 mmol, 0.1 equiv.) and sodium borohydride (378 mg, 10 mmol, 
20 equiv.), and the nitro substrate (0.5 mmol, 1 equiv.) were dissolved in ethanol (4 mL). This 
mixture was stirred for 16 hours at ambient temperature. The reaction mixture was diluted 
with ethyl acetate (5 mL) and aqueous sodium hydroxide (2M, 10 mL) was added. The organic 
phase was extracted, and acidified by addition of aqueous hydrochloric acid (2M, 2×10 mL). 
The aqueous phase was extracted and aqueous sodium hydroxide (2M, 2x10 mL) was then 
added and the mixture was washed with ethyl acetate (3x10 mL). The combined organic 
extracts were washed with brine (10 mL) and dried under MgSO4, and the solvent removed in 








E.  General Procedure for [2+2]-Cycloaddition 
 
In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, preformed 
2,6-bis[1-(2,6-diethylphenylimino)ethyl]pyridine cobalt(II) tetrafluoroborate (38.17 mg, 0.05 
mmol, 0.1 equiv.) was added to a glass vial. Diallylbenzylamine (102.14 l, 0.5 mmol, 1.00 
equiv.) and phenylsilane (12.3 l, 0.1 mmol, and 0.2 equiv.) were added and the reaction 
heated at 80 ⁰C for 24 hours. Diethyl ether (2 ml) was subsequently added, and the crude 
reaction mixture washed with distilled water to separate the catalyst from the crude reaction 
mixture. 1,3,5-Trimethoxybenzene (16.8 mg, 0.1 mmol, 0.20 equiv.) was added for use as a 
1H NMR (CDCl3) internal standard to determine the reaction yield.  
 
 
F. General Procedure for C–H Borylation 
 
In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, cobalt 
catalyst (11 mg, 0.019 mmol, 0.02 equiv.) was added to a glass vial. 2-methylfuran (510 l, 
5.7 mmol, 15 equiv.) was then added, followed by bispinacolatodiboron (86.2 mg, 0.38 mmol, 
1.0 equiv.), lithium methoxide (14.0 mg, 0.38 mmol, 1.0 equiv.) and phenylsilane (10 l, 0.08 
mmol, 0.21 equiv.) and the reaction heated at 80 ⁰C for 24 hours. The crude reaction mixture 
was diluted with diethyl ether (2 mL) and washed with distilled water (3 mL) to separate the 
catalyst from the crude reaction mixture and concentrated in vacuo. 1,3,5-Trimethoxybenzene 
(12.8 mg, 0.076 mmol, 0.10 equiv.) was added for use as a 1H NMR (CDCl3) internal standard 







G. General Procedure for C–C Activation/Suzuki–Miyaura Cross-Coupling 
 
In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, 
bis(dicyclohexylphosphinyl)ethane (16.7 mg, 0.04 mmol, 0.2 equiv.) and cobalt 
tetrafluoroborate hexahydrate (6.8 mg, 0.02 mmol., 0.1 equiv.) were dissolved in anhydrous 
THF (0.1 mL). Phenylsilane (4.9 μL, 0.04 mmol, 0.2 equiv.) was then added. The reaction 
mixture was dissolved in PhMe (1 mL) and methyl-4-fluorobenzoate (25.9 μL, 0.2 mmol, 1 
equiv.) was added. To this was added a boronate compound (0.4 mmol, 2 equiv.), and the 
reaction mixture was stirred at 150 °C for 24 hours. The reaction was allowed to cool to room 
temperature, the solvent was removed in vacuo and the product purified by filtration through 
a plug of SiO2, eluting with hexanes. 
 
 
H. General Procedure for Aryl Transfer Reaction 
 
In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, phenyl 
pinacol boronic ester (140 mg, 0.70 mmol, 1.4 equiv.) was dissolved in anhydrous THF (3 
mL). The solution was cooled to -40 ˚C (dry ice/acetonitrile) and 2.5 M n-butyllithium in Et2O 
(0.28 mL, 0.70 mmol) was added. The solution was stirred for 30 minutes at -40 ˚C, and for 
30 minutes at 0 ˚C. ZnCl2·THF was then added (28 mg, 0.10 mmol, 0.2 equiv.), followed by 
an electrophile (0.50 mmol, 1 equiv.). The reaction was allowed to warm to room temperature 
overnight. After 24 hours, the reaction was quenched with H2O (3 mL). The aqueous phase 
was extracted with Et2O (2x10 mL), and the combined organic extracts were concentrated in 
vacuo. 1,3,5-Trimethoxybenzene (30.3 mg, 0.18 mmol, 0.20 equiv.) was added for use as a 1H 
NMR (CDCl3) internal standard to determine the reaction yield. The conversion was 





5.4 Experimental Details for Compounds Synthesised 
5.4.1 Alkene Synthesis 
1-(1,2,3,4-tetrahydroisoquinolino)undec-10-en-1-one (172h) 
 
According to a modification of the procedure reported by White and coworkers,236 
carbonyldiimidazole (3.89 g, 24.00 mmol, 1.20 equiv.) and 10-undecenoic acid (3.61 g, 20.00 
mmol, 1.00 equiv.) were dissolved in anhydrous dichloromethane (75 mL) under a nitrogen 
atmosphere. The mixture was stirred for 3 hours at room temperature, at which time 1,2,3,4-
tetrahydroisoquinoline (5.32 g, 40.00 mmol, 2.00 equiv.) was added. The reaction was stirred 
for 72 hours at ambient temperature. The mixture was concentrated in vacuo. The crude 
product was purified by flash column chromatography (40 g SiO2, 25 mm Ø, wet loaded, 
EtOAc:pentane 1:1) to give 1-(1,2,3,4-tetrahydroisoquinolino)undec-10-en-1-one (172h) as a 
yellow oil (5.66 g, 95%). 
 
 1H NMR:  (500 MHz, CDCl3) 
  7.24-7.11 (4H, m), 5.87-5.79 (1H, m), 5.03-4.93 (2H, m), 4.75 (1H, s), 4.64 (1H, 
s) 3.85 (1H, t, J = 6.0 Hz), 3.70 (1H, t, J = 6.0 Hz), 2.92 (1H, t, J = 5.9 Hz), 
2.86 (1H, t, J = 5.9 Hz), 2.55-2.40 (2H, m), 2.08-2.04 (2H, m), 1.73-1.65 (2H, 
m), 1.39-1.32 (10H, m) 
 13C NMR:  (126 MHz, CDCl3) 
  172.0, 139.2, 134.1, 133.7, 129.0, 128.3, 126.7, 126.6, 126.5, 126.3, 114.1, 47.5, 
44.2, 43.3, 39.6, 33.8, 29.4, 29.1, 28.9, 25.2  
 IR: νmax (neat) 
  2924 (s), 2852 (s), 1640 (s), 1428, 1206, 908 
 MS: (EI) 
  299.2 ([M+], 48)  
 HRMS: found: 299.22445, [M]+ C20H29NO requires 299.22437 






5.4.2 Ligand and Pre-Catalyst Preparation 
2,6-Bis-[1-(2,6- diethylphenylimino)ethyl]pyridine (EtBIP) 
 
According to a previously reported procedure,105 2,6-diethylaniline (4.50 ml, 27.0 mmol, 2.20 
equiv.) was added to a stirred suspension of 2,6-diacetylpyridine (2.00 g, 12.3mmol, 1.00 
equiv.) and p-toluenesulfonic acid (0.110 g, 0.62 mmol, 0.05 equiv.) in anhydrous toluene (25 
ml) and heated under Dean–Stark conditions for 18 hours. The mixture was allowed to cool to 
ambient temperature. The resulting yellow solid was isolated by filtration, washed with cold 
dichloromethane and recrystallised (CH2Cl2) to give 2,6-bis-[1-(2,6-
diethylphenylimino)ethyl]pyridine (EtBIP) (3.66 g, 8.61 mmol, 70%) as yellow cuboids. 
 
 1H NMR: (500 MHz, CDCl3) 
8.51 (2H, d, J = 7.8 Hz), 7.95 (1H, t, J = 7.8 Hz), 7.16 - 7.14 (4H, m), 7.09 – 
7.05 (2H, m), 2.51 – 2.34 (8H, m), 2.28 (6H, s), 1.18 (12H, t, J = 7.5 Hz)  
 13C NMR: (126 MHz, CDCl3) 
  166.9, 155.1, 147.8, 136.9, 131.2, 126.0, 123.4, 122.2, 24.6, 16.8, 13.7 
 M.P: (CH2Cl2) 196–198 oC; lit 185–186 oC 
 














According to the procedure reported by Chrobok and coworkers,237 2-Acetylpyridine (1.121 
mL, 10.0 mmol, 2 equiv.) was added to a stirred solution of 4-Dimethylaminobenzaldehyde 
(0.750 g, 5.0 mmol, 1 equiv.) in EtOH (37 mL). KOH (0.770 mg, 13.8 mmol, 2.75 equiv.) was 
added, followed by aqueous ammonia (28.0-30.0% NH3 basis, 15 mL) and the solution was 
stirred for 24 hours at ambient temperature. The resulting bright yellow solid was collected by 
filtration, washing with H2O (30 mL) and EtOH (30 mL). The crude solid was recrystallized 
(CHCl3:MeOH) to give the 2,6-bis(pyridyl)-4-(4-dimethylaminophenyl)pyridine (0.450g, 1.2 
mmol, 27%) as a yellow needles. 
 
 1H NMR: (600 MHz, CDCl3) 
8.76 (2H, ddd, J = 0.8, 1.8, 4.7), 8.73 (2H, s), 8.69 (2H, dt, J = 0.96, 7.9 Hz), 
7.90 (2H, m), 7.36 (2H, ddd, J = 1.4, 4.7, 7.4), 6.85 (2H, m), 3.02 (6H, s)  
13C NMR:  (126 MHz, CDCl3) 
  156.7, 155.7, 151.1, 150.0, 149.1, 136.8, 131.2 (obs.), 128.1, 125.6, 123.6, 
121.4, 117.5, 112.3, 40.4 
 M.P: (CHCl3, MeOH) 200–205 oC; lit 205-209 oC 
 











2,6-Bis[1-(2,6-diethylphenylimino)ethyl]pyridine iron(II) chloride (131) 
 
Iron(II) chloride (0.084 g, 0.660 mmol, 1.00 equiv.) and 2,6-bis[1-(2,6- 
diethylphenylimino)ethyl]pyridine (0.28 g, 0.660 mmol, 1.00 equiv.) were stirred in THF (5 
ml) for 16 hours. The reaction mixture was concentrated in vacuo, Et2O (10 mL) was added 
and the precipitate filtered to provide pre-catalyst 131 (0.140 g, 0.214 mmol, 91%) as an 
amorphous blue solid. 
 
 1H NMR: (500 MHz, CD2Cl2, 20 °C) 








2,6-Bis[1-(2,6-diethylphenylimino)ethyl]pyridine iron(II) tetrafluoroborate (171a) 
 
Iron tetrafluoroborate hexahydrate (0.079 g, 0.235 mmol, 1.00 equiv.) and 2,6-bis[1-(2,6- 
diethylphenylimino)ethyl]pyridine (0.1 g, 0.235 mmol, 1.00 equiv.) were stirred in THF (5 ml) 
for 16 hours. The solvent was then removed in vacuo to provide pre-catalyst 171a (0.140 g, 
0.214 mmol, 91%) as an amorphous dark red solid. 
 
1H NMR:  (500 MHz, CD2Cl2) 
  23.12, 22.02, 18.39, 17.36, 16.74, 14.79, 8.78, 8.64, 7.50, 7.37, 7.19, 4.20, 3.49, 
2.82, 2.76, 2.56, 1.98, 1.32, 1.26, 0.41 
 11B NMR: (160 MHz, CD2Cl2) 
  -0.03 
 19F NMR: (500 MHz, d8-THF) 
















2,6-Bis[1-(2,6-diethylphenylimino)ethyl]pyridine cobalt(II) tetrafluoroborate (171b) 
 
Cobalt tetrafluoroborate hexahydrate (0.080 g, 0.235 mmol, 1.00 equiv.) and 2,6-bis[1-(2,6- 
diethylphenylimino)ethyl]pyridine (0.1 g, 0.235 mmol, 1.00 equiv.) were stirred in THF (10 
ml) for 16 hours. The solvent was then removed in vacuo to provide pre-catalyst 171b (0.145 
g, 0.221 mmol, 94%) as an amorphous orange solid. 
 
 11B NMR: (160 MHz, d8-THF) 
  1.79, -4.19 
 19F NMR: (470 MHz, d8-THF) 


















2,6-Bis[1-(2,6-diethylphenylimino)ethyl]pyridine iron(II) tetraphenylborate (171c) 
 
EtBIPFeCl2 (0.100 g, 0.181 mmol, 1.00 equiv.) and NaBPh4 (0.1 g, 0.235 mmol, 2.00 equiv.) 
were stirred in THF (5 ml) for 16 hours. The reaction mixture was filtered, eluting with hexane 
to remove NaCl. An amorphous black solid was produced, most likely metallic iron formed 
by reductive elimination from an iron aryl complex. 
 
1H NMR:   (500 MHz, CD2Cl2) 
  7.85, 7.65, 7.49, 7.40, 7.31, 6.56, 3.67, 2.07, 1.24, 0.32 
11B NMR:  (160 MHz, CD2Cl2) 








2,6-Bis[1-(2,6-diethylphenylimino)ethyl]pyridine cobalt(II) tetraphenylborate (171d) 
 
EtBIPCoCl2 (0.055 g, 0.10 mmol, 1.0 equiv.) and NaBPh4 (0.068 g, 0.20 mmol, 2.0 equiv.) 
were stirred in THF (5 ml) for 16 hours. The reaction mixture was filtered, eluting with hexane 
to remove NaCl. The solvent was then removed in vacuo to provide pre-catalyst 171d (0.030 
g, 0.0262 mmol, 27%) as an amorphous black solid.  
 
1H NMR:   (500 MHz, CD2Cl2) 
  11.74, 10.49, 8.51, 7.57, 7.39, 5.36, 3.78, 2.83, 2.36, 1.41, 1.23, 1.07, 0.03  
11B NMR:  (160 MHz, CD2Cl2) 







2,6-Bis[1-(2,6-diethylphenylimino)ethyl]pyridine iron(II) hexafluorophosphate (171e) 
 
EtBIPFeCl2 (0.055 g, 0.10 mmol, 1.00 equiv.) and KPF6 (0.036 g, 0.20 mmol, 2.00 equiv.) 
were stirred in THF (5 ml) for 16 hours. The reaction mixture was filtered, eluting with hexane 
to remove KCl. The solvent was then removed in vacuo to provide pre-catalyst 171c as an 
amorphous black solid (0.030 g, 0.03 mmol, 39%). 
 
1H NMR:   (500 MHz, CD2Cl2) 
  10.55, 10.17, 10.12, 9.15, 3.06, 6.85, 4.8, 4.42, 4.41, 4.29, 3.26, 3. 
19F NMR:  (160 MHz, d8-THF) 








2,6-Bis[1-(2,6-diispropylphenylimino)ethyl]pyridine cobalt(I) chloride (171f) 
 
4,4,5,5-Tetramethyl-1,3,2-dioxaborolane (0.0064 g, 0.05 mmol, 2.00 equiv.) was added to a 
solution of iPrBIPCoCl2 (0.015 g, 0.025 mmol, 1.00 equiv.) and TBAT (0.027 g, 0.05 mmol, 
2.00 equiv.) in THF (0.8 mL). Upon addition a colour change from yellow to dark red was 
observed. After 24 hours, the solvent was removed and replaced with C6D6 (0.60 mL). The 
complex was not isolated, but was identified by 1H and 13C NMR.  
 
1H NMR:  (500 MHz, C6D6) 
9.62 (1H, t, J = 10.0 Hz), 7.90 (2H, m), 7.37 (2H, m), 7.24 (2H, m), 7.02 (2H, 
m), 3.28 (4H, m), 1.16 (12H, d), 0.98 (12H, d) 0.10 (6H, s) 
13C NMR:  (125 MHz, C6D6) 
  167.1, 152.5, 150.5, 140.4, 126.6, 125.3, 123.9, 114.8, 28.7, 23.7, 23.6, 20.9 
 





2,6-Bis(pyridyl)-4-(4-dimethylaminophenyl)pyridine cobalt(II) tetrafluoroborate (171g) 
 
According to the procedure reported by Cargill Thompson and coworkers,237 cobalt(II) 
chloride (0.0676 g, 0.4 mmol, 1.00 equiv.) and 2,6-Bis(pyridyl)-4-(4-
dimethylaminophenyl)pyridine (0.141 g, 0.4 mmol, 1.00 equiv.) were added to an oven-dried 
Schlenk flask under an inert atmosphere, and dissolved in MeOH (20 mL), and stirred under 
reflux for 15 minutes. A solution of NaBF4 (0.0877 mg, 0.8 mmol, 2 equiv.) in MeOH (10 mL) 
was then added. The reaction mixture was allowed to cool to room temperature overnight, 
cooled to 0 ⁰C and filtered, washing with cold MeOH (2 x 10 mL) and cold Et2O (2x 10 mL) 
to give the pre-catalyst 171g (0.109 g, 0.186 mmol, 47% yield) as an amorphous brown powder. 
 
1H NMR:   (500 MHz, CD2Cl2) 
  95.2, 58.3, 52.3, 32.3, 15.2, 9.2, 5.5, 5.0, 1.5 
 11B NMR: (160 MHz, CD2Cl2) 
  0.05 
 19F NMR: (470 MHz, CD2Cl2) 
  -150.5 
 





5.4.3 Hydroboration Products: Experimental and Analytical Data 
Octyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (174a) 
 
According to General Procedure A, iron or cobalt tetrafluoroborate (5.10 mg, 0.015 mmol, 
0.01 equiv.) and EtBIP (6.38 mg, 0.015 mmol, 0.01 equiv.) were dissolved in anhydrous THF 
(1.5 mL). 1-Octene (168 mg, 1.5 mmol, 1 equiv.) was then added, followed by 4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (230 mg, 1.8 mmol, 1.2 equiv.). After stirring for 4 hours at 
ambient temperature, the reaction mixture was quenched with H2O (3 mL), extracted with 
Et2O (2 x 5 mL) and purified by flash column chromatography (40 g SiO2, 30 mm Ø, wet 
loaded, 99:1 pentane:EtOAc, ca. 5 mL fractions) to give the octyl-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (174a) as a yellow oil. 
[Fe] system: 313 mg, 87%, 1.3 mmol 
[Co] system: 360 mg, 99%, 1.49 mmol 
 
 1H NMR: (500 MHz, CDCl3) 
  1.39 (2H, m), 1.34 – 1.27 (10H, m), 1.27 (12H, s), 0.86 (3H, t, J = 6.9 Hz), 0.75 
(2H, t, J = 7.8 Hz) 
 13C NMR: (125 MHz, CDCl3) 
  82.8, 32.4, 31.9, 29.4, 25.0, 24.8, 24.0, 22.7, 14.1 
11B NMR:  (128 MHz, CDCl3) 
  34.2   
 MS: (EI+) 
  240.2 ([M]+, 3)  
 TLC: Rf  = 0.5 (29:1 pentane:EtOAc) [KMnO4] 
 








 (Z)-2-(1,2-Diphenylvinyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (174b) 
 
According to General Procedure A, iron or cobalt tetrafluoroborate (5.10 mg, 0.015 mmol, 
0.01 equiv.) and EtBIP (6.38 mg, 0.015 mmol, 0.01 equiv.) were dissolved in anhydrous THF 
(1.5 mL). Diphenylacetylene (267 mg, 1.5 mmol, 1 equiv.) was then added, followed by 
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (230 mg, 1.8 mmol, 1.2 equiv.). After stirring for 4 
hours at ambient temperature, the reaction mixture was quenched with H2O (3 mL), extracted 
with Et2O (2 x 5 mL) and purified by flash column chromatography (40 g SiO2, 30 mm Ø, wet 
loaded, 49:1 pentane:EtOAc, ca. 5 mL fractions) to give (Z)-2-(1,2-diphenylvinyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (174b) as an amorphous pale yellow solid. 
[Fe] system: 321 mg, 70%  
[Co] system: 0% 
 
 1H NMR: (500 MHz, CDCl3) 
  7.40 (1H, s), 7.31 – 7.06 (10H, m), 1.33 (s, 12H) 
 13C NMR: (125 MHz, CDCl3) 
  143.1, 140.5, 137.0, 130.0, 128.9, 128.2, 127.8, 127.6, 126.2, 83.8, 24.3 
11B NMR:  (128 MHz, CDCl3) 
  30.6  
 MS: (EI+) 
  306.2 ([M]+, 100)  
 TLC: Rf  = 0.41 (29:1 pentane:EtOAc) [KMnO4] 
  












According to General Procedure A, iron or cobalt tetrafluoroborate (5.10 mg, 0.015 mmol, 
0.01 equiv.) and EtBIP (6.38 mg, 0.015 mmol, 0.01 equiv.) were dissolved in anhydrous THF 
(1.5 mL). 4-Phenyl-1-butene (198 mg, 1.5 mmol, 1 equiv.) was then added, followed by 
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (230 mg, 1.8 mmol, 1.2 equiv.). After stirring for 4 
hours at ambient temperature, the reaction mixture was quenched with H2O (3 mL), extracted 
with Et2O (2 x 5 mL) and purified by flash column chromatography (40 g SiO2, 30 mm Ø, wet 
loaded, 99:1 pentane:EtOAc, ca. 5 mL fractions) to give 2-(4-phenylbutyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (174c) as a yellow oil. 
[Fe] system: 254 mg, 65%, 0.98 mmol 
[Co] system: 257 mg, 66%, 0.99 mmol 
 
 1H NMR: (500 MHz, CDCl3) 
  7.31 – 7.27 (2H, m), 7.22 – 7.17 (3H, m), 2.65-2.62 (2H, t, J = 7.5 Hz), 1.70 –
1.64 (2H, dt, J = 15.6, 7.7 Hz), 1.54 –1.48 (2H, dt, J = 15.4 (obs.), 7.7 Hz), 1.27 
(12H, s), 0.86 –0.83 (2H, t J = 7.7 Hz) 
 13C NMR: (126 MHz, CDCl3) 
  142.9, 128.4, 128.2, 125.5, 82.9, 35.8, 34.2, 24.8, 23.8 
11B NMR:  (128 MHz, CDCl3) 
  34.1   
 MS: (EI+) 
  260.2 ([M]+, 11) 
 TLC: Rf = 0.4 (29:1 pentane:EtOAc) [KMnO4] 
  






7-Methyl-3-methylidene-oct-6-enyl 4,4,5,5-tetramethyl-1,3,2-dioxaborolane (174d) 
 
According to General Procedure A, iron or cobalt tetrafluoroborate (5.1 mg, 0.015 mmol, 0.01 
equiv.) and EtBIP (6.4 mg, 0.015 mmol, 0.01 equiv.) were dissolved in anhydrous THF (1.5 
mL). Myrcene (204 mg, 1.5 mmol, 1 equiv.) was then added, followed by 4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (230 mg, 1.8 mmol, 1.2 equiv.). After stirring for 4 hours at ambient 
temperature, the reaction mixture was quenched with H2O (3 mL), extracted with Et2O (2 x 5 
mL) and purified by flash column chromatography (40 g SiO2, 30 mm Ø, wet loaded, 29:1 
pentane:EtOAc, ca. 5 mL fractions) to give 7-methyl-3-methylidene-oct-6-enyl 4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (174d) as a yellow oil. 
[Fe] system: 243 mg, 65%, 0.98 mmol  
[Co] system: 300 mg, 84%, 1.26 mmol 
 
 1H NMR: (500 MHz, CDCl3) 
  5.16 – 5.11 (1H, m), 4.76 – 4.70 (2H, m), 2.18 – 2.03 (6H, m), 1.70 (3H, s), 
1.63 (3H, s), 1.26 (12H, s), 0.95 (2H, t, J = 8.1 Hz) 
 13C NMR: (125 MHz, CDCl3) 
  151.5, 131.4, 124.4, 107.6, 83.0, 36.3, 30.1, 26.6, 25.7, 24.8, 24.6, 17.7 
11B NMR:  (128 MHz, CDCl3) 
  34.1  
 MS: (EI+) 
  264.2 ([M]+, 3) 
 TLC: Rf = 0.5 (29:1 pentane:EtOAc) [KMnO4] 
  











According to General Procedure A, iron or cobalt tetrafluoroborate (5.10 mg, 0.015 mmol, 
0.01 equiv.) and EtBIP (6.38 mg, 0.015 mmol, 0.01 equiv.) were dissolved in anhydrous THF 
(1.5 mL). 4-Vinylcyclohexene (162 mg, 1.5 mmol, 1 equiv.) was then added, followed by 
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (230 mg, 1.8 mmol, 1.2 equiv.). After stirring for 4 
hours at ambient temperature, the reaction mixture was quenched with H2O (3 mL), extracted 
with Et2O (2 x 5 mL)  and purified by flash column chromatography (40 g SiO2, 30 mm Ø, 
wet loaded, 29:1 pentane:Et2O, ca. 5 mL fractions) to give 2-[2-(cyclohex-3-en-1-yl)ethyl]-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (174e) as a yellow oil. 
[Fe] system: 249 mg, 70%, 1.05 mmol  
[Co] system: 260 mg, 73%, 1.10 mmol 
 
 1H NMR: (500 MHz, CDCl3) 
  5.69 – 5.64 (2H, m), 2.16 – 2.08 (1H, m), 2.06 –2.01 (2H, m), 1.80 – 1.74 (1H, 
m), 1.68 – 1.59 (1H, m), 1.50 – 1.31 (3H, m) 1.27 (12H, s), 1.23 – 1.14 (1H, m), 
0.84 – 0.79 (2H, m) 
 13C NMR: (125 MHz, CDCl3) 
  127.0, 126.7, 82.9, 35.8, 31.6, 30.7, 28.5, 25.4, 24.8 
11B NMR:  (128 MHz, CDCl3) 
  34.2   
 MS: (EI+) 
  236.2 ([M]+, 21) 
 TLC: Rf = 0.4 (29:1 pentane:EtOAc) [KMnO4] 
 








According to General Procedure A, iron or cobalt tetrafluoroborate (5.10 mg, 0.015 mmol, 
0.01 equiv.) and EtBIP (6.38 mg, 0.015 mmol, 0.01 equiv.) were dissolved in anhydrous THF 
(1.5 mL). 1,2-Epoxy-5-hexene (147 mg, 1.5 mmol, 1 equiv.) was then added, followed by 
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (460 mg, 3.6 mmol, 2.4 equiv.). After stirring for 4 
hours at ambient temperature, the reaction mixture was quenched with H2O (3 mL), extracted 
with Et2O (2 x 5 mL) and purified by flash column chromatography (40 g SiO2, 30 mm Ø, wet 
loaded, 9:1 pentane:EtOAc, ca. 5 mL fractions) to give 2-(5-(epoxyhexyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (174f) as a yellow oil. 
[Fe] system: 222 mg, 65%, 0.98 mmol 
[Co] system: 136 mg, 40%, 0.60 mmol 
 
 1H NMR: (500 MHz, CDCl3) 
  2.95 – 2.91 (1H, m), 2.76 (1H, t, J = 4.7 Hz), 2.48, (dd, J = 5.0 (obs.), 2.7 Hz), 
1.55 – 1.46 (6H, m), 1.27 (12H, s), 0.82 (2H, t, J = 7.1 Hz) 
 13C NMR: (125 MHz, CDCl3) 
  82.9, 52.4, 47.1, 32.3, 28.6, 24.8, 23.9  
11B NMR:  (128 MHz, CDCl3) 
  34.1  
 IR: max (neat) 
  2932.2 (w), 1373 (s), 1145 (s), 736 (s) 
 MS: (EI+) 
  226.2 ([M]+, 1) 
 TLC: Rf = 0.5 (19:1 pentane:Et2O) [KMnO4] 
 HRMS: m/z (EI+) 








According to General Procedure A, iron or cobalt tetrafluoroborate (5.10 mg, 0.015 mmol, 
0.01 equiv.) and EtBIP (6.38 mg, 0.015 mmol, 0.01 equiv.) were dissolved in anhydrous THF 
(1.5 mL). Methyl 10-undecenoate (147 mg, 1.5 mmol, 1 equiv.) was then added, followed by 
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (460 mg, 3.6 mmol, 2.4 equiv.). After stirring for 4 
hours at ambient temperature, the reaction mixture was quenched with H2O (3 mL), extracted 
with Et2O (2 x 5 mL) and purified by flash column chromatography (40 g SiO2, 30 mm Ø, wet 
loaded, 29:1 pentane:EtOAc, ca. 5 mL fractions) to give 11-methylundecanoate-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (174g) as a yellow oil. 
[Fe] system: 320 mg, 66%, 0.99 mmol  
[Co] system: 312 mg, 65%, 0.98 mmol 
 
 1H NMR: (500 MHz, CDCl3) 
  3.67 (3H, s), 2.32 – 2.29 (2H, t, J = 7.6 Hz), 1.66 – 1.59 (2H, m), 1.43 – 1.38 
(2H, m), 1.33 – 1.26 (12H, m), 1.25 (12H, s), 0.79 – 0.76 (2H, t, J = 7.8 Hz)  
 13C NMR: (125 MHz, CDCl3) 
  174.3, 82.8, 51.4, 34.1, 32.4, 29.5, 29.4, 29.4, 29.2, 29.2, 25.0, 24.8, 24.0 
11B NMR:  (128 MHz, CDCl3) 
  34.2  
 MS: (EI+) 
  326.3 ([M]+, 6) 
 TLC: Rf = 0.3 (29:1 pentane:EtOAc) [KMnO4] 
 








In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, EtBIP 
(6.38 mg, 0.015 mmol, 0.01 equiv.) and cobalt tetrafluoroborate hexahydrate (5.10 mg, 0.015 
mmol, 0.01 equiv.) were dissolved in anhydrous THF (1.5 mL). This mixture was stirred for 
1 minute at ambient temperature to form the catalyst. The 1-(1,2,3,4-
tetrahydroisoquinolino)undec-10-en-1-one (449 mg, 1.50 mmol, 1.0 equiv.) and 4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (522 µL, 3.60 mmol, 2.4 equiv.) were added and the mixture 
was stirred at ambient temperature for 4 hours. The reaction mixture was cooled to 0 °C, and 
an aqueous solution of sodium hydroxide (1 M, 6 mL) and hydrogen peroxide (30%wt in water, 
4 mL) were added, and the resulting mixture stirred for 0.5 h. The organic phase was then 
extracted with diethyl ether (3 × 10 mL), washed with a saturated aqueous solution of sodium 
thiosulfate (10 mL), washed with a saturated solution of sodium chloride (10 mL), dried over 
magnesium sulfate, and concentrated in vacuo. The title compound was purified by flash 
column chromatography (40 g SiO2, 30 mm Ø, wet loaded, 4:1 pentane:EtOAc, ca. 5 mL 
fractions) to give the 1-(1,2,3,4-tetrahydroisoquinolino)undec-11-ol-1-one (174h) as a yellow 
oil (213 mg, 0.675 mmol, 45%). 
  
 1H NMR:  (500 MHz, CDCl3) 
  7.24-7.11 (4H, m), 4.75 (1H, s), 4.64 (1H, s), 3.85 (1H, t, J = 6.0 Hz), 3.70 (1H, 
t, J = 6.0 Hz), 3.66 (2H, t, J = 6.6 Hz), 2.92 (1H, t, J = 5.9 Hz), 2.86 (1H, t, J = 
5.9 Hz), 2.44-2.40 (2H, m), 1.72-1.65 (3H, m), 1.61-1.55 (2H, m), 1.43-1.28 
(12H, m).  
 13C NMR:  (125 MHz, CDCl3) 
  172.2, 135.3, 133.7, 132.8, 130.0, 129.0, 128.3, 126.5, 63.1, 47.5, 44.2, 43.3, 
39.7, 33.7, 32.8, 29.5, 28.6, 25.7, 25.3, 24.9 
 IR: νmax (neat) 
  3415 (br), 2918 (m), 2848 (m), 1620 (s), 1449 (m), 1207 (m), 1071 (m)  
 MS: (EI+) 
  317.2 ([M]+, 15) 
 TLC: Rf = 0.27 (7:3 Pentane:EtOAc) [KMnO4]  







According to General Procedure A, iron or cobalt tetrafluoroborate (5.10 mg, 0.015 mmol, 
0.01 equiv.) and EtBIP (6.38 mg, 0.015 mmol, 0.01 equiv.) were dissolved in anhydrous THF 
(1.5 mL). 5-Hexen-2-one (147 mg, 1.5 mmol, 1 equiv.) was then added, followed by 4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (460 mg, 3.6 mmol, 2.4 equiv.). After stirring for 4 hours at 
ambient temperature, the reaction mixture was quenched with H2O (3 mL), extracted with 
Et2O and purified by flash column chromatography (40 g SiO2, 30 mm Ø, wet loaded, CH2Cl2, 
ca. 5 mL fractions) to give 1-(hexan-5-one)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (174i) as 
a yellow oil. 
[Co] system: 119 mg, 35%, 0.53 mmol  
 
 1H NMR: (500 MHz, CDCl3) 
  2.43 (2H, t, J = 7.4 Hz), 2.14 (3H, s), 1.63 – 1.57 (2H, m), 1.46 – 1.38 (2H, m), 
1.26 (12H, s), 0.80 (2H, t, J = 8.0 Hz)  
 13C NMR: (125 MHz, CDCl3) 
  209.2, 83.0, 43.7, 29.8, 26.5, 24.8, 23.7 
11B NMR:  (128 MHz, CDCl3) 
  33.9 
 MS: (EI+) 
  226.2 ([M]+, 1)  
 TLC: Rf = 0.21 (9:1 pentane:Et2O) [KMnO4] 
 








According to General Procedure A, iron or cobalt tetrafluoroborate (5.10 mg, 0.015 mmol, 
0.01 equiv.) and EtBIP (6.38 mg, 0.015 mmol, 0.01 equiv.) were dissolved in anhydrous THF 
(1.5 mL). 2,4,6-Trimethylstyrene (219 mg, 1.5 mmol, 1 equiv.) was then added, followed by 
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (230 mg, 1.8 mmol, 1.2 equiv.). After stirring for 4 
hours at ambient temperature, the reaction mixture was quenched with H2O (3 mL), extracted 
with Et2O (2 x 5 mL) and purified by flash column chromatography (40 g SiO2, 30 mm Ø, wet 
loaded, 39:1 pentane:EtOAc, ca. 5 mL fractions) to give 2-(2,4,6-trimethylphenethyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (174j) as a yellow oil. 
[Fe] system: 20% (NMR) 
[Co] system: 278 mg, 68%, 1.02 mmol 
 1H NMR: (500 MHz, CDCl3) 
  6.84 (2H, s), 2.71 - 2.67 (2H, m), 2.32 (6H, s), 2.26 (3H, s), 1.29 (12H, s), 1.00 
- 0.95 (2H, m)  
 13C NMR: (125 MHz, CDCl3) 
  138.5, 135.6, 134.6, 128.8, 83.1, 24.9, 23.2, 20.8, 19.6 
11B NMR:  (128 MHz, CDCl3) 
  33.9  
 IR: max (neat) 
  2974 (s), 1369 (s), 1308 (s), 1142 (s), 847 (s), 674 (w)  
 MS: (EI+) 
  274.2 ([M]+, 28) 
 TLC: Rf = 0.8 (9:1 pentane:Et2O) [KMnO4] 
 HRMS: m/z (EI+) 








According to General Procedure A, iron or cobalt tetrafluoroborate (5.10 mg, 0.015 mmol, 
0.01 equiv.) and EtBIP (6.38 mg, 0.015 mmol, 0.01 equiv.) were dissolved in anhydrous THF 
(1.5 mL). 4-Fluorostyrene (183 mg, 1.5 mmol, 1 equiv.) was then added, followed by 4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (230 mg, 1.8 mmol, 1.2 equiv.). After stirring for 4 hours at 
ambient temperature, the reaction mixture was quenched with H2O (3 mL), extracted with 
Et2O (2 x 5 mL) and purified by flash column chromatography (40 g SiO2, 30 mm Ø, wet 
loaded, 19:1 pentane:Et2O, ca. 5 mL fractions) to give 2-(4-fluorophenethyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (174k) as a yellow oil. 
[Co] system: 254 mg 68%, 1.02 mmol 
 
 1H NMR: (500 MHz, CDCl3) 
  7.20 – 7.17 (2H, m), 6.97 – 6.94 (2H, m), 2.74 (2H, t, J = 8.1 Hz), 1.23 (12H, 
s), 1.14 (2H, t, J = 8.1 Hz) 
 13C NMR: (125 MHz, CDCl3) 
  162.1, 160.2, 140.0, 129.3, 114.7, 83.1, 29.2, 24.8 
11B NMR:  (128 MHz, CDCl3) 
  33.9  
 MS: (EI+) 
  250.2 ([M]+, 15)  
 TLC: Rf = 0.7 (9:1 pentane:Et2O) [KMnO4] 
 








According to General Procedure A, iron or cobalt tetrafluoroborate (5.10 mg, 0.015 mmol, 
0.01 equiv.) and EtBIP (6.38 mg, 0.015 mmol, 0.01 equiv.) were dissolved in anhydrous THF 
(1.5 mL). 4-Methoxystyrene (202 mg, 1.5 mmol, 1 equiv.) was then added, followed by 
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (230 mg, 1.8 mmol, 1.2 equiv.). After stirring for 4 
hours at ambient temperature, the reaction mixture was quenched with H2O (3 mL), extracted 
with Et2O (2 x 5 mL) and purified by flash column chromatography (40 g SiO2, 30 mm Ø, wet 
loaded, 9:1 pentane:EtOAc, ca. 5 mL fractions) to give 2-(4-methoxyphenethyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (174l) as a yellow oil. 
[Co] system: 251 mg, 64%, 0.96 mmol 
 
 1H NMR: (500 MHz, CDCl3) 
  7.17 – 7.14 (2H, dt, J = 9.1, 2.9 Hz), 6.84 – 6.82 (2H, dt, J = 9.1, 2.9 Hz), 3.80 
(3H, s), 2.71 (2H, t, J = 8.2 Hz), 1.24 (12H, s), 1.14 (2H, t, J = 8.2 Hz) 
 13C NMR: (125 MHz, CDCl3) 
  157.6, 136.6, 128.9, 113.6, 83.1, 55.3, 29.1, 24.8 
11B NMR:  (128 MHz, CDCl3) 
  34.0   
 MS: (EI+) 
  262.2 ([M]+, 33)  
 TLC: Rf = 0.4 (9:1 pentane:Et2O) [KMnO4] 
  










In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, cobalt 
tetrafluoroborate hexahydrate (3.4 mg, 0.01 mmol, 0.02 equiv.) was dissolved in anhydrous 
THF (0.5 mL). 3-Methylstyrene (66.4 µL, 0.50 mmol, 1.00 equiv.) and 4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (173 µL, 1.20 mmol, 2.40 equiv.) were added and the mixture was stirred 
at ambient temperature for 4 hours. The crude reaction mixture was quenched with H2O (3 
mL), extracted with Et2O, and the yield determined by 1H NMR with 1,3,5-trimethoxybenzene 
as an internal standard (78%). 
  
 1H NMR:  (500 MHz, CDCl3) 
  7.20 (1H, t, J = 7.5 Hz), 7.05-7.02 (3H, m), 2.64 (2H, q, J = 7.6 Hz), 2.36 (3H, 
s), 1.26 (3H, t, J = 7.6 Hz)  
 13C NMR:  (125 MHz, CDCl3) 
  144.2, 137.8, 128.7, 128.2, 126.3, 124.8, 28.8, 21.4, 15.6  
 





5.4.4 Mechanistic Studies for Activation Method 
4,4,5,5-Tetramethyl-1,3,2-dioxaborolane-2-fluoride (179) 
 
Tetrabutylammonium difluorotriphenylsilicate (270 mg, 0.5 mmol, 1 equiv.) was dissolved in 
anhydrous THF. 4,4,5,5-Tetramethyl-1,3,2-dioxaborolane (72.55 µL, 0.5 mmol, 1 equiv.) was 
then added. The solution was concentrated in vacuo to give the product as an amorphous white 
solid and analysed by 11B and 19F NMR spectroscopy.  
 
11B NMR:  (160 MHz, CDCl3) 
  5.11  
 19F NMR: (470 MHz, CDCl3) 








Me3SiCl (6.35 mL, 50.0 mmol, 2.5 equiv.) was added dropwise to a stirred solution of pinacol 
(2.36 g, 20.0 mmol, 1 equiv.) and Et3N (8.36 mL, 60.0 mmol, 3 equiv.) in CH2Cl2 (83 mL) at 
0 °C and the resultant mixture was allowed to warm to room temperature over 48 hours. The 
mixture was then cooled to 0 ºC and sat. aq. NH4Cl (5 mL) was added and the resultant mixture 
was filtered through a pad of Celite® (eluent CH2Cl2). The filtrate was washed with brine (100 
mL), dried and concentrated in vacuo. The residue was triturated with Et2O, then filtered 
through a pad of Celite® (eluent Et2O) and concentrated in vacuo. Purification via distillation 
at reduced pressure (14 mmHg) to give 2,3-bis(trimethylsilyloxy)-2,3-dimethylbutane (189) 
as a colourless oil (2.25 g, 43%). 
 
 1H NMR:  (500 MHz, CDCl3) 
  1.22 (12H, s), 0.12 (18H, s) 
 13C NMR:  (125 MHz, CDCl3) 
  78.3, 25.0, 2.47 
 MS: (EI+) 
  262.2 ([M]+, 11)  
 






 (2)-Fluoro-4,4,5,5-tetramethyl-1,3-dioxa-2-boracyclopentane (180) 
 
BF3·OEt2 (90.7 μL, 0.74 mmol, 1 equiv.) was added to a stirred solution of 189 (193 mg, 0.74 
mmol, 1 equiv.) in THF (1.40 mL) and the resultant mixture was stirred at ambient temperature 
for 5 min. A colourless solution (containing a small amount of an unidentified white 
precipitate) was produced. The solution was decanted and analysed by 11B and 19F NMR 
spectroscopy.  
 
11B NMR:  (160 MHz, d8-THF) 
  21.82, 20.82  
 19F NMR: (470 MHz, d8-THF) 
  -155.0 (br) 
 








4,4,5,5-Tetramethyl-1,3,2-dioxaborolane-2-fluoride (8.8 mg, 0.013 mmol, 1 equiv.) and 
tritylium hexachloroantimonate (7.6 mg, 0.013 mmol, 1 equiv.) were dissolved in THF (0.6 
mL) in a Young’s tap NMR tube. The presence of triphenylmethine was confirmed by 1H 
NMR spectroscopy. 
 
 1H NMR:  (500 MHz, THF) 
  7.45 (6H, t, J = 7.4 Hz), 7.37 (3H, t, J = 7.3 Hz), 7.31 (6H, d, J = 7.4 Hz), 5.77 
(1H, s) 
 








In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, EtBIP 
(2.12 mg, 0.01 equiv.) and a metal tetrafluoroborate hexahydrate salt (1.7 mg, 0.005 mmol, 
0.01 equiv.) and tritylium hexachloroantimonate (11.6 mg, 0.02 mmol, 0.04 equiv.) were 
dissolved in anhydrous THF (0.5 ml). 1-octene (76.5 µL, 0.50 mmol, 1.00 equiv.) and 4,4,5,5-
Tetramethyl-1,3,2-dioxaborolane (86.9 µL, 0.60 mmol, 1.20 equiv.) were added and the 
mixture was stirred at ambient temperature for 4 hours. Diethyl ether (3 ml) and water (3 ml) 
were subsequently added. The aqueous phase was extracted with diethyl ether and the solvent 
removed in vacuo. 1,3,5-Trimethoxybenzene (30.3 mg, 0.18 mmol, 0.20 equiv.) was added 
for use as a 1H NMR (CDCl3) internal standard to determine the reaction yield.  
 
 1H NMR:  (500 MHz, CDCl3) 
  7.35-7.30 (9H, m), 7.16-7.12 (6H, m) 
 2H NMR:  (61.4 MHz, CHCl3) 
  5.72 
 13C NMR:  (125 MHz, CDCl3) 
  143.9, 139.5, 128.3, 127.9, 127.3, 126.3, 56.9  
 






4-Fluorobenzyl alcohol (196) 
 
In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, 4-
fluorobenzaldehyde (53.6 µL, 0.5 mmol, 1.0 equiv.) and sodium tert-butoxide (48.1 mg, 0.5 
mmol, 1.0 equiv.) were dissolved in anhydrous THF (3 mL). The reaction was stirred at 
ambient temperature for 24 hours. The crude reaction mixture was diluted with Et2O (10 mL) 
and H2O (10 mL). The organic phase was dried under MgSO4 and concentrated in vacuo. The 
crude reaction mixture was purified by silica gel chromatography (40 g SiO2, 30 mm Ø, wet 
loaded, 4:1 Hexane:EtOAc, ca. 5 mL fractions) to give 4-fluorobenzyl alchohol (193) as a 
brown oil (16 mg, 0.13 mmol, 25%). 
 
 1H NMR:  (500 MHz, CDCl3) 
  7.38-7.24 (2H, m), 7.09-7.05 (2H, m), 4.70 (2H, s) 
 13C NMR:  (125 MHz, CDCl3) 
  162.3 (d, J = 243 Hz), 136.6, 128.7, 115.3, 64.68 
19F NMR:  (470 MHz, CDCl3) 
  -114.9 
 MS: (EI+) 
  126.6 ([M]+) 
 HRMS: Found: 126.04758, (C6H7OF) [M]+ requires: 126.04754 
 









According to General Procedure D, Fe(BF4)2·6H2O (1.7 mg, 0.005 mmol, 0.01 equiv.) and 
EtBIP (2.12 mg, 0.005 mmol, 0.01 equiv.) were complexed in THF (0.5 mL). 1-Octene (79.6 
L, 0.50 mmol, 1.00 equiv.) and phenylsilane (67.8 L, 0.55 mmol, 1.10 equiv.) were added 
and the reaction was stirred for 1 hour. The mixture was diluted with diethyl ether and passed 
through a short plug of silica. The filtrate was concentrated in vacuo. The crude reaction 
product was purified by flash column chromatography (10 g SiO2, 25 mm Ø, wet loaded, 
pentane, ca. 8 mL fractions) to give octylsilylbenzene 173a (173 mg, 0.783 mmol, 87%, 7:93 
B:L) as a colourless oil. 
 
 1H NMR: (500MHz, CDCl3) 
  7.66 – 7.64 (2H, m), 7.48 – 7.41 (3H, m), 4.39 (2H, t, J = 3.6 Hz), 1.58 – 1.52 
(2H, m), 1.46 – 1.35 (10H, m), 1.05 – 1.01 (2H, m), 0.98 (3H, t, J = 6.8 Hz) 
 13C NMR: (126 MHz, CDCl3) 
  135.3, 132.9, 129.5, 128.0, 32.9, 32.0, 29.3, 29.2, 25.2, 22.7, 14.2, 10.1  
29Si NMR: (99 MHz, CDCl3) 
  -30.8 
 TLC: Rf = 0.7 (pentane) [UV] 
 
Characterisation data for the linear (major) product reported.  














According to General Procedure C, Co(BF4)2·6H2O (1.7 mg, 0.005 mmol, 0.01 equiv.) and 
EtBIP (2.12 mg, 0.005 mmol, 0.01 equiv.) were complexed in THF (0.5 m)L. 1-Octene (79.6 
L, 0.50 mmol, 1.00 equiv.) and phenylsilane (67.8 L, 0.55 mmol, 1.10 equiv.) were added 
and the reaction was stirred for 1 hour. The mixture was diluted with diethyl ether and passed 
through a short plug of silica. The filtrate was concentrated in vacuo to give crude 173aa 
(>95%).The crude reaction product was purified by flash column chromatography (12 g SiO2, 
25 mm Ø, wet loaded, pentane, ca. 5 mL fractions) to give octan-2-yl(phenyl)silane 173aa 
(152 mg, 0.688 mmol, 86%, 8:92 B:L) as a colourless oil. 
 
 1H NMR: (500 MHz, CDCl3) 
  7.68 – 7.66 (2H, m), 7.49 – 7.42 (3H, m), 4.36 (1H, dd, J = 2.5, 6.0 Hz), 4.32 
(1H, dd, J = 3.2, 6.0 Hz), 1.64 – 1.59 (1H, m), 1.57 – 1.49 (1H, m), 1.47 – 1.32 
(8H, br. m), 1.29 – 1.21 (1H, m), 1.18 –1.16 (3H, m), 0.99 (3H, app. t, J = 7.0 
Hz) 
 13C NMR: (126 MHz, CDCl3) 
  135.7, 132.4, 129.5, 127.9, 33.6, 31.9, 29.5, 28.6, 22.8, 16.4, 16.2, 14.2  
29Si NMR: (99 MHz, CDCl3) 
  -23.0 
 TLC: Rf = 0.6 (pentane) [UV] 
 IR: max (neat) 
  2127 (w), 117 (w), 930 (m), 698 (s) 
 
Characterisation data for the branched, (major) product reported.  






5.4.6 Nitro-group Reduction 
Aniline Hydrochloride (203a) 
 
In a 20 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, cobalt 
tetrafluoroborate (17 mg, 0.05 mmol, 0.1 equiv.), 4,4,5,5-Tetramethyl-1,3,2-dioxaborolane 
(378 µL, 10 mmol 10 equiv.) and nitrobenzene (54.5 µL, 0.5 mmol) were dissolved in ethanol 
(4 mL). This mixture was stirred for 16 hours at ambient temperature. The reaction mixture 
was diluted with ethyl acetate (5 mL) and aqueous sodium hydroxide (2M, 10 mL) was added. 
The organic phrase was extracted, and acidified by addition of aqueous hydrochloric acid. The 
aqueous phase was extracted and aqueous sodium hydroxide (2M, 2×10 mL) was then added 
and the mixture was washed with ethyl acetate (3×10 mL). The combined organic extracts 
were washed with brine (10 mL) and dried under MgSO4, and the solvent removed in vacuo. 
The amine product was obtained as the ammonium salt by addition of 1 mL of HCl (1M in 
Et2O) to a solution of the crude product in ethyl acetate, giving the product as a grey 
amorphous solid (3 mg, 0.21 mmol, 4.2%). 
  
 1H NMR:  (500 MHz, d4-MeOD) 
  7.58-7.55 (2H, m), 7.53-7.49 (1H, m) 7.42-7.39 (2H, m)  
 13C NMR:  (125 MHz, d4-MeOD) 
  129.9, 128.8, 122.5 
 MS: (EI+) 
  129.1 ([M]+, 43)  
 HRMS: Found: 129.07214, (C5H9O2N2) [M]+ requires: 129.07709 
 








In a 20 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, cobalt 
tetrafluoroborate (17 mg, 0.05 mmol, 0.1 equiv.), sodium borohydride (378 mg, 10 mmol, 20 
equiv.) and 2-nitropyridine (62.1 mg, 0.5 mmol) were dissolved in ethanol (4 mL). This 
mixture was stirred for 16 hours at ambient temperature. The reaction mixture was diluted 
with ethyl acetate (5 mL) and aqueous sodium hydroxide (2M, 10 mL) was added. The organic 
phrase was extracted, and acidified by addition of aqueous hydrochloric acid. The aqueous 
phase was extracted and aqueous sodium hydroxide (2M, 2×10 mL) was then added and the 
mixture was washed with ethyl acetate (3×10 mL). The combined organic extracts were 
washed with brine (10 mL) and dried under MgSO4, and the solvent removed in vacuo to give 
the product as a red amorphous solid (8.0 mg, 0.085 mmol, 17%). 
  
 1H NMR:  (500 MHz, CDCl3) 
  7.90 (1H, m) 7.53 (1H, m), 6.64 (1H, m), 6.58 (1H, m)  
 13C NMR:  (125 MHz, CDCl3) 
  157.7, 143.1, 139.9, 112.8, 110.6 
 MS: (EI+) 
  94.0 ([M]+, 100) 
 HRMS: Found: 94.05276, (C5H6N2) [M]+ requires: 94.05255 
 














In a 20 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, cobalt 
tetrafluoroborate (17 mg, 0.05 mmol, 0.1 equiv.), sodium borohydride (378 mg, 10 mmol, 20 
equiv.) and 2-nitropyridine (62.1 mg, 0.5 mmol) were dissolved in ethanol (4 mL). This 
mixture was stirred for 16 hours at ambient temperature. The reaction mixture was diluted 
with ethyl acetate (5 mL) and aqueous sodium hydroxide (2M, 10 mL) was added. The organic 
phrase was extracted, and acidified by addition of aqueous hydrochloric acid. The aqueous 
phase was extracted and aqueous sodium hydroxide (2M, 2×10 mL) was then added and the 
mixture was washed with ethyl acetate (3×10 mL). The combined organic extracts were 
washed with brine (10 mL) and dried under MgSO4, and the solvent removed in vacuo to give 
the product as a brown oil (7.0 mg, 0.074 mmol, 14.9%). 
  
 1H NMR:  (500 MHz, CDCl3) 
  8.12 (1H, d, J = 2.5 Hz), 8.05 (1H, d, J = 3.9 Hz), 7.10 (1H, dd, J = 8.2, 4.7 Hz), 
6.99 (1H, ddd, J = 8.2, 2.8, 1.4 Hz), 3.67 (2H, s, br) 
 13C NMR:  (125 MHz, CDCl3) 
  142.5, 139.9, 137.4, 123.8, 121.6  
 MS: (EI+) 
  94.0 ([M]+, 100) 
 HRMS: Found: 94.05198, (C5H6N2) [M]+ requires: 94.05255 
 













In a 20 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, cobalt 
tetrafluoroborate (17 mg, 0.05 mmol, 0.1 equiv.), sodium borohydride (378 mg, 10 mmol, 20 
equiv.) and 5-nitroindole (81.1 mg, 0.5 mmol) were dissolved in ethanol (4 mL). This mixture 
was stirred for 16 hours at ambient temperature. The reaction mixture was diluted with ethyl 
acetate (5 mL) and aqueous sodium hydroxide (2M, 10 mL) was added. The organic phase 
was extracted, and acidified by addition of aqueous hydrochloric acid. The aqueous phase was 
extracted and aqueous sodium hydroxide (2M, 2×10 mL) was then added and the mixture was 
washed with ethyl acetate (3×10 mL). The combined organic extracts were washed with brine 
(10 mL) and dried under MgSO4, and the solvent removed in vacuo to give the product as a 
brown amorphous solid (49 mg, 0.37 mmol, 74%). 
  
 1H NMR:  (500 MHz, d6-DMSO) 
  10.56 (s, 1H), 7.13 (1H, t, J = 2.7 Hz), 7.09 (1H, d, J = 8.3 Hz), 6.70 (1H, d, J 
= 2.1 Hz), 6.51 (1H, dd, J = 8.5, 2.1 Hz), 6.14 (1H, m), 4.70 (2H, br)  
 13C NMR:  (125 MHz, d6-DMSO) 
  141.4, 130.2, 129.0, 125.2, 112.3, 111.8, 103.7, 100.1  
 MS:  (EI+) 
  132.1 ([M]+, 13) 
HRMS:  Found: 132.06810, (C8H8N2) [M]+ requires: 132.06820 
 













In a 20 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, cobalt 
tetrafluoroborate (17 mg, 0.05 mmol, 0.1 equiv.), sodium borohydride (378 mg, 10 mmol, 20 
equiv.) and 5-nitroindazole (81.6 mg, 0.5 mmol) were dissolved in ethanol (4 mL). This 
mixture was stirred for 16 hours at ambient temperature. The reaction mixture was diluted 
with ethyl acetate (5 mL) and aqueous sodium hydroxide (2M, 10 mL) was added. The organic 
phase was extracted, and acidified by addition of aqueous hydrochloric acid. The aqueous 
phase was extracted and aqueous sodium hydroxide (2M, 2×10 mL) was then added and the 
mixture was washed with ethyl acetate (3×10 mL). The combined organic extracts were 
washed with brine (10 mL) and dried under MgSO4, and the solvent removed in vacuo to give 
the product as a brown amorphous solid (28 mg, 0.21 mmol, 43%). 
 
 1H NMR:  (500 MHz, d6-DMSO) 
  12.56 (1H, s, br), 7.71 (1H, s), 7.24 (1H, d, J = 8.7 Hz), 6.78 (1H, dd, J = 2.0, 
8.7 Hz), 6.76-6.74 (1H, m) 
 13C NMR:  (125 MHz, d6-DMSO) 
  142.7, 139.3, 135.1, 131.9, 124.3, 118.5, 110.7, 100.9 
 MS: (EI+) 
  132.1 ([M]+, 100) 
 HRMS: Found: 132.06838, (C8H8N2) [M]+ requires: 132.06820 
 











5.4.7 Other Products: Experimental and Analytical Data 
N-Benzyl-3-azabicyclo[0.2.3]heptane (206) 
 
In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, preformed 
2,6-bis[1-(2,6-diethylphenylimino)ethyl]pyridine cobalt(II) tetrafluoroborate (38.2 mg, 0.05 
mmol, 0.1 equiv.) was added to a glass vial. Diallylbenzylamine (102.14 l, 0.5 mmol, 1.00 
equiv.) and phenylsilane (12.3 L, 0.1 mmol, 0.2 equiv.) were added and the reaction heated 
at 80 ⁰C for 24 hours. The crude reaction mixture was diluted with diethyl ether (2 mL) and 
washed with distilled water (3 mL) to separate the catalyst from the crude reaction mixture. 
1,3,5-Trimethoxybenzene (16.8 mg, 0.1 mmol, 0.20 equiv.) was added for use as a 1H NMR 
(CDCl3) internal standard to determine the reaction yield.  
 
1H NMR: (500 MHz, C6D6) 
7.46-7.41 (2H, m) 7.25-7.18 (2H, m), 7.14-7.09 (1H, m), 3.56 (2H, s), 2.73 
(2H, d, J = 9.5 Hz), 2.60-2.50 (2H, m), 2.07-1.98 (2H, m), 1.95-1.89 (2H, m), 
1.88-1.81 (2H, m) 
TLC:  Rf = 0.35 (pentane/diethylether 1:1) [KMnO4] 
 







In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, cobalt 
catalyst (11.1 mg, 0.019 mmol, 0.02 equiv.) was added to a glass vial. 2-Methylfuran (514.3 
l, 5.7 mmol, 15 equiv.) was then added, followed by bispinacolatodiboron (86.15 mg, 0.38 
mmol, 1.0 equiv.), lithium methoxide (14.4 mg, 0.38 mmol, 1.0 equiv.) and phenylsilane (10 
l, 0.08 mmol, 0.21 equiv.) and the reaction heated at 80 ⁰C for 24 hours. The crude reaction 
mixture was diluted with diethyl ether (2 mL) and washed with distilled water (3 mL) to 
separate the catalyst from the crude reaction mixture and concentrated in vacuo. 1,3,5-
Trimethoxybenzene (12.8 mg, 0.076 mmol, 0.10 equiv.) was added for use as a 1H NMR 
(CDCl3) internal standard to determine the reaction yield.  
 
1H NMR: (500 MHz, CHCl3) 
7.01 (1H, d, J = 3.7 Hz), 6.11 (1H), 2.38 (3H, s), 1.34 (12H, s)  
 








In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, 
bis(dicyclohexylphosphinyl)ethane (16.7 mg, 0.04 mmol, 0.2 equiv.) and cobalt 
tetrafluoroborate hexahydrate (6.8 mg, 0.02 mmol, 0.1 equiv.) were dissolved in anhydrous 
THF (0.1 mL). Phenylsilane (4.9 μL, 0.04 mmol, 0.2 equiv.) was then added. The reaction 
mixture was dissolved in PhMe (1 mL) and methyl-4-fluorobenzoate (25.9 μL, 0.2 mmol, 1 
equiv.) was added. To this was added tert-Butylphenyl pinacolborate (107 mg, 0.4 mmol, 2 
equiv.), and the reaction mixture was stirred at 150 °C for 24 hours. The reaction was allowed 
to cool to room temperature, the solvent was removed in vacuo and the title compound purified 
by filtration through a plug of SiO2, eluting with hexanes to afford the title compound as a 
colourless oil (10 mg, 29%). 
  
 1H NMR:  (500 MHz, CDCl3) 
  7.63-7.60 (1H, m), 7.49-7.41 (2H, m), 7.39-7.35 (2H, m), 7.21-7.17 (2H, m), 
7.00-6.96 (1H, m)  
 19F NMR:  (470 MHz, CDCl3) 
  -117.5 
 MS: (EI+) 
  172.1 ([M]+, 11)  
 HRMS: Found: 172.06662, (C12H9F) [M]+ requires: 172.06828 
 











Lithium tert-butylphenyl pinacolborate (226) 
 
Phenyl pinacol boronic ester (1.5 g, 7.4 mmol, 1 eqiuv.) was dissolved in anhydrous hexane 
(15 mL). The solution was cooled to -78 ˚C (dry ice/acetone) and tert-butyllithium (1.7 M in 
pentane, 4.29 mL, 7.3 mmol, 1 equiv.) was added, and the reaction was allowed to warm to 
room temperature overnight. The precipitate was isolated by filtration, and washed with 
hexane to give the title compound as a white powder (250 mg, 0.96 mmol, 13%). 
  
 1H NMR:  (500 MHz, THF) 
  7.31 (2H, d, J = 7.0 Hz), 6.89 (2H, t, J = 7.4 Hz), 6.75 (1H, t, J = 7.2 Hz), 1.08 
(6H, s), 0.78 (6H, s), 0.57 (9H, s) 
 13C NMR:  (125 MHz, THF) 
  131.5, 124.2, 121.6, 76.8, 29.2, 26.9, 26.4  
11B NMR:  (128 MHz, THF) 
  7.51 
 MS: (ESI) 
  261.2 ([M]+, 19) 
 HRMS: Found: 261.2024, (C16H26O2B) [M]+ requires: 261.20313 
 







Potassium 4-methyl-1-phenyl-2,6,7-trioxa-1-boranuidabicyclo[2.2.2]octane (227) 
 
Phenylboronic acid (3050 mg, 25 mmol, 1 equiv.) and 1,1,1-trishydroxyethane (3000 mg, 25 
mmol, 1.0 equiv.) were dissolved in toluene (50 mL). Potassium hydroxide (1260 mg, 22.5 
mmol, 0.9 equiv.) was then added, and the reaction was heated under reflux overnight with a 
Dean-Stark apparatus. Precipitated potassium 4-methyl-1-phenyl-2,6,7-trioxa-1-
boranuidabicyclo[2.2.2]octane was filtered, washed with acetone and excess solvent removed 
in vacuo.  4-Methyl-1-phenyl-2,6,7-trioxa-1-boranuidabicyclo[2.2.2]octane was obtained as a 
white powder (4050 mg, 16.6 mmol, 74%). 
 
 1H NMR:  (400 MHz, d6-DMSO) 
  7.32-7.29 (2H, m), 6.99-6.93 (2H, m), 6.92-6.87 (1H, m), 3.57 (6H, s), 0.47 (3H, 
s) 
 13C NMR:  (100 MHz, d6-DMSO) 
  132.6, 125.9, 124.3, 74.2, 33.0, 16.8  
11B NMR:  (102 MHz, d6-DMSO) 
  1.54 
MS:  (ESI) 
  245.1 ([M]+, 8) 
HRMS:           Found: 245.07460, (C11H15O3BK) [M]+ requires: 245.07458 
 






5.4.8 Aryl Transfer Reaction 
4-Fluorobenzhydrol (302a) 
 
In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, phenyl 
pinacol boronic ester (140 mg, 0.70 mmol, 1.4 equiv.) was dissolved in anhydrous THF (3 
mL). The solution was cooled to -40 ˚C (dry ice/acetonitrile) and 2.5 M n-butyllithium in Et2O 
(0.28 mL, 0.70 mmol, 1.4 equiv.) was added. The solution was stirred for 30 minutes at -40 
˚C, and for 30 minutes at 0 ˚C. ZnCl2·THF was then added (28.1 mg, 0.10 mmol, 0.2 equiv.), 
followed by 4-fluorobenzaldehyde (53.6 μL, 0.50 mmol, 1 equiv.). The reaction was allowed 
to warm to room temperature overnight. After 24 hours, the reaction was quenched with H2O 
(3 mL). The aqueous phase was extracted with Et2O (2x10 mL). The combined organic 
extracts were concentrated in vacuo. The product was obtained by silica gel chromatography 
(40 g SiO2, 30 mm Ø, wet loaded, hexanes:EtOAc 85:15, ca. 5 mL fractions) to give 4-
fluorobenzhydrol as a colourless oil (32 mg, 0.16 mmol, 32%). 
  
 1H NMR:  (500 MHz, CDCl3) 
  7.39-7.35 (6H, m), 7.33-7.29 (1H, m) 7.07-7.02 (2H, m), 5.84 (1H, s)  
 13C NMR:  (125 MHz, CDCl3) 
  162.3 (d, J = 244 Hz), 143.7, 139.6, 128.6, 128.2 (d, J = 8.0 Hz), 127.7, 126.5, 
115.3 (d, J = 21.3 Hz), 75.2 
19F NMR:  (470 MHz, CDCl3) 
  -115.1 
 MS: (EI+) 
  202.1 ([M]+, 36) 
 TLC: Rf = 0.42 (85:15 Hexane:EtOAc) [KMnO4]  
 HRMS: Found: 202.07896, (C13H11FO) [M]+ requires: 202.07884 
 







Lithium tert-butylvinyl pinacolborate (307) 
 
Phenyl pinacol boronic ester (1.5 g, 5 mmol, 1 equiv.) was dissolved in anhydrous hexane (10 
mL). The solution was cooled to -78 ˚C (dry ice/acetone) and tert-butyllithium (1.7 M in 
pentane, 2.9 mL, 5 mmol, 1 equiv.) was added, and the reaction was allowed to warm to room 
temperature overnight. The precipitate was isolated by filtration and washed with hexane to 
give the title compound as a white powder (860 mg, 3.9 mmol, 79%). 
  
 1H NMR:  (500 MHz, CDCl3) 
  6.29-6.22 (1H, m), 5.06-5.04 (2H, m), 1.02 (13H, d, J = 9.5 Hz), 0.60 (9H, s)  
 13C NMR:  (125 MHz, CDCl3) 
  114.2, 76.6, 28.9, 27.0, 26.5  
11B NMR:  (128 MHz, CDCl3) 
  6.81 
 MS: (ESI) 
  243.2 ([M]+, 85) 












In a Young’s tap NMR tube under an inert atmosphere, tert-butylphenyl pinacolborate (26.2 
mg, 0.1 mmol, 1 equiv.) and ZnCl2·THF (28.1 mg, 0.1 mmol, 1 equiv.) were dissolved in THF 
(0.6 mL) and stirred overnight. The product was not isolated, but assigned in situ by NMR 
spectroscopy. 
  
 1H NMR:  (500 MHz, CDCl3) 
  7.62 (4H, d, J = 6.8 Hz), 7.14 (4H, t, J = 7.1 Hz), 7.09-7.05 (2H, m)  
 13C NMR:  (125 MHz, CDCl3) 
  155.2, 138.6, 126.2, 125.1  
 














In a Young’s tap NMR tube under an inert atmosphere, tert-butylvinyl pinacolborate (21.8 mg, 
0.1 mmol, 1 equiv.) and ZnCl2·THF (28.1 mg, 0.1 mmol, 1 equiv.) were dissolved in THF (0.6 
mL) and stirred overnight. The product was not isolated, but assigned in situ by NMR 
spectroscopy.* 
  
 1H NMR:  (500 MHz, THF) 
  6.32 (1H, m), 5.88 (1H, m), 5.45(1H, m)  
 13C NMR:  (125 MHz, THF) 
  131.5, 82.8  
 
Data were in accordance with those previously reported.254 
 
*N.B. 11B NMR showed a peak at a peak at 34.1 ppm, consistent with the presence of 


















In a 100 mL round bottom flask equipped with a magnetic stir bar and under an atmosphere of 
nitrogen, iron(II) chloride (10 mg, 0.025 mmol, 0.005 equiv.) and tetramethylethylenediamine 
(7.0 µL, 0.025 mmol, 0.005 equiv.) were dissolved in anhydrous THF (25 mL). To this was 
added styrene (572 µL, 5 mmol, 1 equiv.) and 3M EtMgBr in Et2O (2.5 mL, 7.5 mmol, 1.5 
equiv.). The reaction was stirred at ambient temperature for 2 hours, followed by addition of 
4,4,5,5-Tetramethyl-1,3,2-dioxaborolane (1.2 mL, 8 mmol, 1.6 equiv.). The reaction was 
stirred overnight and quenched by the addition of water (20 mL). The organic phase was 
extracted with Et2O (3x20 mL) and the combined organic extracts washed with water (2x20 
mL) and brine (20 mL), dried under MgSO4 and concentrated in vacuo. The crude reaction 
mixture was purified by silica gel chromatography (40 g SiO2, 30 mm Ø, wet loaded, 4:1 
hexanes:Et2O, ca. 5 mL fractions), giving 4,4,5,5-tetramethyl-2-(1-phenyl-ethyl)-
[1,3,2]dioxaborolane as a colourless oil (0.75 g, 3.2 mmol, 65% yield). 
 
 1H NMR:  (500 MHz, CDCl3) 
  7.31-7.23 (4H, m), 7.18-7.13 (1H, m), 2.48 (1H, q, J = 7.0 Hz), 1.36 (3H, m), 
1.24 (12H, d, J =6.6 Hz) 
 13C NMR:  (125 MHz, CDCl3) 
  145.0, 128.3, 127.8, 125.1, 83.3, 24.8, 24.6, 17.0 
11B NMR:  (128 MHz, CDCl3) 
  33.6 
 MS: (EI+) 
  232.1 ([M]+, 56) 
 TLC: Rf = 0.85 (9:1 Hexane:Et2O) [KMnO4]  
 HRMS: Found: 232.16325, (C14H21O2B1) [M]+ requires: 232.16291 
 










In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, 4,4,5,5-
tetramethyl-2-(1-phenyl-ethyl)-[1,3,2]dioxaborolane (163 mg, 0.70 mmol, 1.4 equiv.) was 
dissolved in anhydrous THF (3 mL). The solution was cooled to -40 ˚C (dry ice/acetonitrile) 
and 2.5 M n-butyllithium in Et2O (0.28 mL, 0.70 mmol, 1.4 equiv.) was added. The solution 
was stirred for 30 minutes at -40 ˚C, and for 30 minutes at 0 ˚C. ZnCl2·THF was then added 
(28.1 mg, 0.10 mmol, 0.2 equiv.), followed by 4-fluorobenzaldehyde (53.6 μL, 0.50 mmol, 1 
equiv.). The reaction was allowed to warm to room temperature overnight. After 24 hours, the 
reaction was quenched with H2O (3 mL). The aqueous phase was extracted with Et2O (2x10 
mL). The combined organic extracts were concentrated in vacuo. The product was obtained 
by silica gel chromatography (40 g SiO2, 30 mm Ø, wet loaded, hexanes:Et2OAc 90:10, ca. 5 
mL fractions) to give 1-(4-fluorophenyl)-2-phenylpropan-1-ol as a colourless oil (50:50 
mixture of diastereoisomers 31 mg, 0.13 mmol, 27%). 
  
 1H NMR:  (500 MHz, CDCl3) 
  7.43-7.12 (14H, m), 7.09-7.04 (2H, m) 6.98-6.94 (2H, m), 4.81 (1H, d, J = 6.0 
Hz), 4.68 (1H, d, J = 8.6 Hz), 3.12-3.06 (1H, m), 3.03-2.97 (1H, m), 1.93-1.85 
(2H, m), 1.33 (3H, d, J = 7.1 Hz), 1.11 (3H, d, J = 7.1 Hz) 
 13C NMR:  (125 MHz, CDCl3) 
  163.4, 162.9, 161.4, 161.0, 143.2, 143.0, 138.6, 138.2, 128.7, 128.6, 128.3, 
128.0, 127.9, 127.8, 127.0, 126.6, 115.2, 115.0, 114.8, 114.7, 79.0, 78.2, 48.3, 
47.4, 18.2, 15.1 
19F NMR:  (470 MHz, CDCl3) 
  -114.8, -115.5 
 MS: (EI+) 
  230.1 ([M]+, 2) 
 TLC: Rf = 0.23 (9:1 Hexane:Et2O) [KMnO4]  
 HRMS: Found: 230.11002, (C15H15OF) [M]+ requires: 230.11015 
 







In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, 4-
methoxyphenyl pinacol boronic ester (164 mg, 0.70 mmol, 1.4 equiv.) was dissolved in 
anhydrous THF (3 mL). The solution was cooled to -40 ˚C (dry ice/acetonitrile) and 2.5 M n-
butyllithium in Et2O (0.28 mL, 0.70 mmol, 1.4 equiv.) was added. The solution was stirred for 
30 minutes at -40 ˚C, and for 30 minutes at 0 ˚C. ZnCl2·THF (28.1 mg, 0.10 mmol, 0.2 equiv.) 
was then added, followed by 4-fluorobenzaldehyde (53.6 μL, 0.50 mmol, 1 equiv.). The 
reaction was allowed to warm to room temperature overnight. After 24 hours, the reaction was 
quenched with H2O (3 mL). The aqueous phase was extracted with Et2O (2x10 mL). 1,3,5-
Trimethoxybenzene as an internal standard and the yield was determined by NMR 
spectroscopy (47%). 
  
 1H NMR:  (500 MHz, CDCl3) 
  7.37-7.33 (2H, m), 7.26-7.21 (2H, m), 7.05-7.01 (2H, m), 6.85-6.82 (2H, m), 
5.81 (1H, d, J = 2.8 Hz), 3.76 (1H, s)  
 19F NMR:  (470 MHz, CDCl3) 
  -115.5 
  

















Phenylacetylene (1320 µL, 12 mmol, 1.2 equiv.) was dissolved in anhydrous tetrahydrofuran 
(30 mL) and cooled to -78 °C, n-Butyllithium (12 mmol, 7.5 mL, 1.6M solution in hexane, 1.2 
equiv.) was added, and the reaction was stirred at this temperature for 1 hour. 4,4,5,5-
tetramethyl-2-(1-methylethoxy)-1,3,2-dioxaborolane (1860 mg, 10 mmol, 1 equiv.) was added 
as a solution in anhydrous THF (25 mL). The reaction was stirred overnight and quenched by 
addition of HCl (1M in Et2O) and the mixture concentrated in vacuo to give the title compound 
as a yellow amorphous solid (0.566 g, 2.5 mmol, 25%). The alkynyl carbons were not 
oberserved by 13C NMR.  
 
 1H NMR:  (500 MHz, CDCl3) 
  7.59-7.51 (2H, m), 7.40-7.35 (3H, m), 1.27 (12H, s)  
 13C NMR:  (125 MHz, CDCl3) 
  132.5, 129.2, 128.4, 81.5, 29.7  
11B NMR:  (128 MHz, CDCl3) 
  33.6 
 










In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, 
phenylethynyl pinacol boronic ester (160 mg, 0.70 mmol, 1.4 equiv.) was dissolved in 
anhydrous THF (3 mL). The solution was cooled to -40 ˚C (dry ice/acetonitrile) and 2.5 M n-
butyllithium in Et2O (0.28 mL, 0.70 mmol, 1.4 equiv.) was added. The solution was stirred for 
30 minutes at -40 ˚C, and for 30 minutes at 0 ˚C. Al(OiPr)3 (20.4 mg, 0.1 mmol, 0.2 equiv.) 
was then added (28.1 mg, 0.10 mmol, 0.2 equiv.), followed by 4-fluorobenzaldehyde (53.6 μL, 
0.50 mmol, 1 equiv.). The reaction was allowed to warm to room temperature overnight. After 
24 hours, the reaction was quenched with H2O (3 mL). The aqueous phase was extracted with 
Et2O (2x10 mL) and the combined organic extracts were concentrated in vacuo. The yield was 
determined by NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard 
(66%). 
  
 1H NMR:  (500 MHz, CDCl3) 
  7.62-7.60 (2H, m), 7.52-7.48 (2H, m), 7.37-7.31 (4H, m), 7.13-7.07 (2H, m), 
5.70 (1H, d, J = 5.8 Hz) 
 19F NMR:  (470 MHz, CDCl3) 
  -113.8 
 










In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, phenyl 
pinacol boronic ester (140 mg, 0.70 mmol, 1.4 equiv.) was dissolved in anhydrous THF (3 
mL). The solution was cooled to -40 ˚C (dry ice/acetonitrile) and 2.5 M n-butyllithium in Et2O 
(0.28 mL, 0.70 mmol, 1.4 equiv.) was added. The solution was stirred for 30 minutes at -40 
˚C, and for 30 minutes at 0 ˚C. ZnCl2·THF was then added (28.1 mg, 0.10 mmol, 0.2 equiv.), 
followed by 2-fluorobenzaldehyde (53.6 μL, 0.50 mmol, 1 equiv.). The reaction was allowed 
to warm to room temperature overnight. After 24 hours, the reaction was quenched with H2O 
(3 mL). The aqueous phase was extracted with Et2O (2x10 mL). The combined organic 
extracts were concentrated in vacuo. The product was obtained by silica gel chromatography 
(40 g SiO2, 30 mm Ø, wet loaded, hexanes:Et2O 85:15, ca. 5 mL fractions) to give 2-
fluorobenzhydrol as a colourless oil (17 mg, 0.084 mmol, 17%). 
  
 1H NMR:  (500 MHz, CDCl3) 
  7.54 (1H, td, J = 7.6, 1.8 Hz), 7.45-7.42 (2H, m), 7.39-7.36 (2H, m), 7.31-7.26 
(2H, m), 7.18 (1H, dt, J = 7.6, 1.1 Hz), 7.07-7.02 (1H, m), 6.18 (1H, s), 2.29 
(1H, s) 
 13C NMR:  (125 MHz, CDCl3) 
  154.5, 142.7, 131.0, 129.3, 129.2, 128.5, 127.7, 126.4, 124.3, 115.3, 70.2  
19F NMR:   (470 MHz, CDCl3) 
  -118.5 
 MS: (EI+) 
  202.1 ([M]+, 100) 
 TLC: Rf = 0.65 (85:15 Hexane:EtOAc) [KMnO4]  
 HRMS: Found: 202.07920, (C13H11FO) [M]+ requires: 202.07884 
 











In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, phenyl 
pinacol boronic ester (140 mg, 0.70 mmol, 1.4 equiv.) was dissolved in anhydrous THF (3 
mL). The solution was cooled to -40 ˚C (dry ice/acetonitrile) and 2.5 M n-butyllithium in Et2O 
(0.28 mL, 0.70 mmol, 1.4 equiv.) was added. The solution was stirred for 30 minutes at -40 
˚C, and for 30 minutes at 0 ˚C. ZnCl2·THF was then added (28.1 mg, 0.10 mmol, 0.2 equiv.), 
followed by p-anisaldehyde (61 μL, 0.50 mmol, 1 equiv.). The reaction was allowed to warm 
to room temperature overnight. After 24 hours, the reaction was quenched with H2O (3 mL) 
and the aqueous phase was extracted with Et2O (2x10 mL). The combined organic extracts 
were concentrated in vacuo. The product was obtained by silica gel chromatography (40 g 
SiO2, 30 mm Ø, wet loaded, 85:15 hexane:EtOAc, ca. 5 mL fractions) to give 4-
methoxybenzhydrol as a colourless oil (7.0 mg, 0.033 mmol, 6.5%). 
 
 1H NMR:  (500 MHz, CDCl3) 
  7.41-7.27 (7H, m), 6.89 (2H, dt, J = 3.0, 8.8 Hz), 5.84 (1H, s), 3.82 (3H, s)  
 13C NMR:  (125 MHz, CDCl3) 
  159.1, 144.0, 136.2, 128.4, 127.9, 127.4, 126.4, 113.9, 75.8, 55.3  
 MS: (EI+) 
  214.2 ([M]+, 3) 
 TLC: Rf = 0.29 (85:15 Hexane:EtOAc) [KMnO4]  
 HRMS: Found: 214.09870, (C14H14O2) [M]+ requires: 214.09883 
 












In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, phenyl 
pinacol boronic ester (140 mg, 0.70 mmol, 1.4 equiv.) was dissolved in anhydrous THF (3 
mL). The solution was cooled to -40 ˚C (dry ice/acetonitrile) and 2.5 M n-butyllithium in Et2O 
(0.28 mL, 0.70 mmol, 1.4 equiv.) was added. The solution was stirred for 30 minutes at -40 
˚C, and for 30 minutes at 0 ˚C. ZnCl2·THF was then added (28.1 mg, 0.10 mmol, 0.2 equiv.), 
followed by tropylium tetrafluoroborate (89 mg, 0.50 mmol, 1 equiv.). The reaction was 
allowed to warm to room temperature overnight. After 24 hours, the reaction was quenched 
with H2O (3 mL). The aqueous phase was extracted with Et2O (2x10 mL). The combined 
organic extracts were concentrated in vacuo. The product was filtered through a silica gel plug, 
eluting with hexane to give 7-phenylcycloheptatriene as a colourless oil (8.0 mg, 0.048 mmol, 
9.5%). 
  
 1H NMR:  (500 MHz, CDCl3) 
  7.40-7.38 (4H, m), 7.34-7.29 (1H, m), 6.79-6.76 (2H, m), 6.31-6.27 (2H, m), 
5.48-5.43 (2H, m) 
 13C NMR:  (125 MHz, CDCl3) 
  144.0, 132.0, 129.2, 126.3, 125.4, 124.5, 45.3 
 MS: (EI+) 
  168.1 ([M]+) 
 







4-Fluorobenzoic acid (310) 
 
In an 8 mL vial equipped with a magnetic stir bar and under an atmosphere of argon, 4-
fluorobenzaldehyde (106 µL, 1 mmol, 1.0 equiv.) and sodium tert-butoxide (96.1 mg, 1 mmol, 
1.0 equiv.) were dissolved in anhydrous THF (3 mL). The reaction was stirred at ambient 
temperature for 24 hours. The crude reaction mixture was diluted with Et2O (10 mL) and H2O 
(10 mL).  The aqueous phase was acidified with 2M aqueous hydrochloric acid (10 mL) and 
extracted with Et2O (3x10 mL). The organic extracts were dried under MgSO4 and 
concentrated in vacuo to give 4-fluorobenzoic acid as a white amorphous powder (48 mg, 0.34 
mmol, 34%). 
  
 1H NMR:  (500 MHz, CDCl3) 
  8.17 (2H, m), 7.18 (2H, m)  
 13C NMR:  (125 MHz, CDCl3) 
  170.0, 166.2, 132.9, 125.4 115.8 
19F NMR:  (470 MHz, CDCl3) 
  104.2 
 MS: (EI+) 
  140.0 ([M]+) 
 HRMS: Found: 140.02744, (C7H5O2F) [M]+ requires: 140.02681 
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